The structure and spectra of squaric acid and its potassium salts. by Thackeray, D. P. C.
THE STRUCTURE AND SPECTRA OF SQUARIC 
ACID AND ITS POTASSIUM SALTS
D. P. C* IHACKERAY 
1973
A Thesis submitted to the University o f Surrey fo r  the 
Degree o f  Doctor o f Philosophy
Department o f Chemical Physics, 
University o f Surrey.
ProQuest Number: 10804584
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804584
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
SU M  MAR Y
Tine c ry s ta l s tru c tu re  of squaric  acid (dihydroxycyclobutene- 
dione) , and the stru c tu res  o f  the n eu tra l and the acid  potassium 
s a l t s ,  both o f which are hydrated, are reviewed, and add itional 
experimental m ateria l (x-ray and o p tica l) i s  contributed. C rystals 
o f  these th ree  compounds are grown and examined by laser-Raman 
techniques. These Raman sp ec tra , and the corresponding in fra red  
absorption sp ec tra , are in te rp re ted  in  terms o f the  s tru c tu re s , 
shown to  be e sse n tia lly  monomeric in  the case o f squaric  acid  and 
the n eu tra l s a l t ,  and pseudo-dimeric fo r the acid sa lt*  C rystals 
o f KHC03 are grown, and th e i r  Raman and in fra red  spectra  used to  
support the in te rp re ta tio n  o f the acid squarate spectra* Vibra­
tio n a l in te rac tio n  is  proposed, to  account fo r the repulsion  o f 
observed C-C s tre tc h  frequencies, as the sk e le ta l symmetry o f 
the squarate ion is  lowered from »4h to  C2y. Hydrogen bonding 
in to  a pseudo dimer is  proposed to  account fo r  the p ro lix ity  and 
frequency separation  o f  the C-0 s tre tc h  bands in  the acid  squarate 
spectra . Hie two windows th a t are observed in  the in fra red  
spectra  o f the acid  squarate are shown not to  a rise  from the 
w ater o f hydration, and are in  consequence assigned to  fundamental 
modes o f the anion. Some anion modes are explained in  terms o f  
sing le  mechanical models, and an approximate frequency ca lcu la ted  
fo r  the  to rs io n a l mode v^, inac tive  in  the ’f re e ’ squarate ion. 
Explanations are found both fo r  the weakness o f c e rta in  to ta l ly  
symmetric fundamentals , and fo r  the appearance o f overtones o f 
l ib  ra tio n a l fundamentals in  p a r tic u la r  elements only o f  the  
p o la r is ib i l i ty  tensor.
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E X  P L A N  A T 0  R Y N 0  T E S
Studies conbining the s tru c tu ra l aspects o f  c ry s ta llin e  
m aterials w ith th e ir  v ib ra tio n a l spectroscopy have m ultip lied  
g rea tly  in  numbers in  recent years. Only in  the l a s t  decade i 
however has the number o f  textbooks in  th is  area become 
s ig n if ic a n t, and no t a l l  o f  these are adequate in  coverage, 
i n te l l i g ib i l i ty  and accuracy. However, there is  now enough 
eas ily  accessib le  published th eo re tic a l m ateria l on 
v ib ra tio n a l spectroscopy and on c ry s ta l physics th a t a th es is  
o f th is  kind no longer needs an extensive th eo re tic a l p rea ib le .
Apart from the immediately he lp fu l books c ite d  in  the te x t ,  
such as Mathieu (1945), Nakanioto (1965) and Ross (1972), th is  
author has also found u se fu l m aterial in  the following: Kit te l  
(1966), Loudon (1964), M itra (1962); M itra and G ielisse (1964) 
and T u rre ll (1972).
A lkali squarates, l ik e  carbonates and o x a la te s / would 
appear to  occupy some no-man* s-land  between the more obvious 
t e r r i to r ie s  o f  organic and inorganic chemistry. This p a r tly  
accounts fo r  the paucity  o f relevant reference m ateria l. Since 
there  appeared to  be only two re a lly  re levan t spectroscopic 
papers in  the ra th e r  slender l i te ra tu re  of squarate conpounds, 
a copy o f  each has been bound in to  th is  th e s is .
With the s o l i ta ry  exception o f NH^ HCO^ , the compounds stud ied  
here c ry s ta l l is e  in  the monoclinic system. In th is  system the 
conventional x and z axes are a rb i t r a r i ly  chosen according to  a 
taile which lacks any physical sign ificance in  terms o f u n it c e l l  
dynamics. Thus while in  most cases th is  author has fo r convenience 
re ta ined  the axes o f  e x is tin g  l i t e r a tu r e ,  i t  is  in  fac t the o p tica l 
ex tinc tion  d irec tions which have some physical re la tio n sh ip  to  the  
o rien ta tio n  o f the contents o f the u n it c e l l ,  and to  the symmetry o f 
polyatomic ions th ere in .
For sim p lic ity  the v ib ra tio n a l mode nurriberings fo r  the 
free  ion have been used throughout. The reader w ill  f in d  i t  
convenient to  re fe r  to  the l i s t in g  and mode diagrams o f 
Chapter I I I  whenever such reference i s  made*
In te n s it ie s  in  Raman spectra  are in  fa c t the re la tiv e  
peak heights measured d ire c tly  from the chart paper. Where 
bands have unusual breadth th is  has been so indicated*
Chapter I
I N T R O D U C T  I 0 N
" I t  i s  a square! . . . E qu ila te ra l! And Rectangular!"
A Tangled Tale, Lewis Carroll*
And thus might I to  and West (1963) have echoed Balb u s1 
words. Their more sober appraisal reads:
" I t  can therefore  be concluded th a t C^O  ^ has the symmetrical 
p lanar s tru c tu re  o f the D4h poin t group."
■ - 2  'i s  the squarate ion th a t can be formed from squaric  acid , 
which i t s e l f  is  chemically di-hydroxycyclobutenedione. This paper 
by I to  and West appears to  be the s ta r tin g  po in t fo r  any consid­
e ra tio n  o f s tru c tu re  and v ib ra tio n a l spectra  together, although a 
number o f more chemical papers appeared. Working with a mixture 
o f da ta , from so lu tion  and so lid  s ta te  spec tra  o f the dipotassium 
s a l t ,  I to  and West concluded th a t the ion was indeed square p lanar. 
Their v ib ra tio n a l analysis included evaluation o f Urey-Bradley 
force constants; and in  the preceding paper in  the same journal 
West and Powell (1963) calcu lated  the charge d is tr ib u tio n  fo r 
the squarate ion. This they gave as -0.736 on each oxygen atom 
and +0*236 on each carbon atom* Though ex tensive , these papers 
by no means cover the top ic  completely, as w il l  be seen in  
Chapter IV*
The s tru c tu re  o f  the dipotassium s a l t  was then in v estig a ted  
by Macintyre and Werkema (1964) using x-ray d iff ra c tio n  methods. 
They concluded th a t  the s a l t  was a monohydrate, and th a t the 
w ater molecule provided links between the squarate anions , so 
th a t  the  ions became hydrogen bonded in to  stacks* .While they 
found the anions to  be ind iv idually  centrosymmetrie, Macintyre 
and Werkema were ju s t  able to  de tect an inequality  in  the C -  C
bond lengths, thereby reducing the anion symmetry to  D2h#
Unfortunately they did not include any information on c ry s ta l 
h a b it and o rie n ta tio n , o r on method o f  preparation .
Squaric acid  i t s e l f  has been stud ied  spectroscopically  by 
Baglin and Rose (1970), b u t here the spec tra  are complicated by 
lower symmetry and by hydrogen bonding, and they did not work 
■with sing les c ry s ta l m ateria l. Thus hampered they were h o t  able 
to  come to  any very c learcu t conclusions, although they deduced 
the C2V synsnetry o f the skeleton c o rre c tly , bu t no t e n tire ly  
lo g ic a lly .
S truc tu ra l information again lagged behind, Semmingsen (1973) 
publishing the re s u lt  o f an x-ray d iff ra c tio n  study. He found th a t 
the acid  molecules were bonded in to  sheets by the hydrogen bonds, 
and th a t  tire c ry s ta ls  were -very prone to  twinning.
Thus, in  sp ite  o f these papers, there was a g rea t deal l e f t  
unsaid, and not a l i t t l e  unsought, in  the spectroscopic s tu d ies .
In order to  f i l l  out the p ic tu re  th is  author ca rried  out the work 
described in  th is  th e s is , making use o f  c ry s ta ls  and la s e r  Raman 
spectroscopy to  extend the spectroscopic data. While there  are 
s t i l l  some areas in  which more data  could be u se fu l, i t  w il l  be 
seen in  the following chapters th a t  the in vestiga tion  somewhat 
refined  the spectroscopic work of I to  and West, and inproved 
considerably on the work o f Baglin and Rose. At the time there  
was o f course no x-ray s tru c tu re  availab le  o f  squaric ac id , so th is  
aspect o f  the c ry s ta ls  grown was tackled  by a colleague. In  fa c t  
h is  x -ray  in vestiga tion  was large ly  v i t ia te d  by twinning, b u t he 
was able to  confirm the anion o rien ta tio n , already deduced by th is  
author using o p tica l d iffra c tio n  techniques described l a t e r  in  
Chapters I I  and VI.
I t  was found to  be a re la tiv e ly  easy m atter to  grow c ry s ta ls  
o f potassium hydrogen squarate monohydrate; and th is  turned out to  be
a usefu l area o f study, in th a t i t s  spectroscopic behaviour had 
no t only something in  common with the o ther two compounds but 
also  unique features o f i t s  own. Data onttais was published by 
Thackeray and Shirley  (1972) somewhat p r io r  to  the f u l l  x-ray 
s tru c tu re  o f Bull (1973) who used c ry s ta ls  supplied by th is  
author. The squarate ions were found by Bull to be hydrogen 
bonded in to  chains, and the analysis o f G iapter V in  th is  th es is  
i s  able to  provide a more adequate in te rp re ta tio n  o f the sp ec tra  
than the 1972 paper. A copy o f  the paper o f  Thackeray and Shirley  
(1972) i s  bound in to  th is  th e s is .
In order to  provide a comparison with o ther chain-bonded 
compounds, work on a lk a li  bicarbonates i s  also included as 
Chapter VII in  th is  th e s is . That p rin c ip a lly  stud ied , again the 
potassium s a l t ,  does in  fa c t contain tru e  anion dimers, bu t i t  is  
demonstrated th a t analogous behaviour is  to  be expected and is  
found* Opportunity was taken to  repeat and re in te rp re t the work 
o f  Couture-Mathieu (1950) on th is  s a l t .
In Chapter VIII the s truc tu res  and spectra  of the compounds 
stud ied  are compared. This re in forces the conclusions th a t  the 
spectra  o f the n eu tra l s a l t  and o f  squaric acid  are e s se n tia lly  
monomeric, though detectably  perturbed, while th a t  o f the acid  
s a l t  is  th a t o f a d iner. The dimers are not true  dimers b u t occur 
as linked pa irs  o f anions formed by the superposition o f the u n it 
c e l l  on the chain o f anions. "Pseudo-dimer*1 su ff ic ie n tly  
d istinguishes them from the o ther e n t i t ie s  considered. At the 
same time i t  can be seen th a t the spectra  are predominantly 
influenced^ by the symmetry o f  the e n t i ty ,  monomer o r dimer, o r by 
the pseudo-symmetry o f  the e n tity  from which i t  departs s t ru c tu ra lly  
to  some s l ig h t  ex ten t.
F ina lly , fu rth e r pertu ibations o f frequency are explained by 
recourse to  mode coupling as the symmetiy i s  lowered, an explanation 
akin to  Fermi resonance, since the frequencies measured separa te .
This s e n s it iv i ty  i s  also used to  account fo r the changes in  squaric 
acid  spec tra  on deuteration .
In order to  provide adequate v isu a lisa tio n  o f  the  v ib ra tio n a l 
modes in vestiga ted , a preamble appears as Chapter I I I .  This is  
extended as Appendices C and D, where simple calcu lations based on 
crude mechanical models provide an explanation fo r  the frequencies 
observed in  the spectra . Opportunity i s  taken to  ca lcu la te  the 
frequency o f  an inactive  to rs io n a l mode.
Explanation of the re la tiv e  in te n s it ie s  and p o la risa tio n s  o f  
some o f the Raman active modes has n ecess ita ted  some explanation 
o f the behaviour o f the p o la r is ib i l i ty  e ll ip so id  during these 
vibrations* Appendix A is  devoted to  th is ,  and includes as i t s  
basis  a tra n s la tio n  from Mathieu (1945). This i s  followed by some 
relevant explanation; and Appendix B shows how e le c tr ic a l  
anharmonicity generates a c la ss ic a l overtone in  a p a r t ic u la r  mode 
o f  l ib ra tio n .
Chapter I I
APPARATUS AND EXPERIMENTAL PROCEDURES
Since there were some s l ig h t  va ria tions in  experimental 
procedures from compound to compound, enough experimental 
information has been included in  each chapter to  make i t  c lea r 
what was done, how i t  was done, and fo r  what reason i t  was done*
This chapter w ill  therefore  be concerned prim arily  xd.th those 
few areas in  which more extensive experimental information is  
needed. A sh o rt l i s t  o f now fa i r ly  commonplace apparatus is  also 
included a t  the end, a l l  o f which were standard commercial items . 
used in  conpletely standard fashion.
I I  (a.) The STOE-Buerger Precession Camera
Even in  crysta llograph ic  labo ra to ries th is  x-ray camera is  
s t i l l  much o f a novelty . I t s  function i s  usually  to  provide the x-ray  
ciysta llographer with photographic records o f und isto rted  sections o f ; 
the rec ip rocal l a t t ic e .  This makes fo r  very simple techniques o f 
in te rp re ta tio n  and measurement, so th a t even an inexperienced worker 
can proceed rap id ly . Use o f Polaroid-Land film  shortens the photo­
graphic exposure tim e, and the simple procedure fo r  camera operation 
is  e a s ily  mastered and executed. The penalty  fo r  speed, s im p lic ity  
o f operation and in te rp re ta tio n , i s  the mechanical complexity o f  the 
camera. This is  la rge ly  due to  the necessity  fo r  arranging a 
coupled processional motion o f the sing le  c iy s ta l  sample and the 
photographic film . This coupling ensures th a t ,  a t  the moment th a t  
the c iy s ta l  has moved to  the co rrect Bragg angle fo r a p a r t ic u la r  
plane o f  1 re f le c tio n 1, the photographic film  has t i l t e d  so th a t  the 
d iffra c te d  x-ray beam lands on the geom etrically co rrect p o in t on
the film . Use o f a sho rt wavelength, K fo r  molybdenum fo r  example o ®
is  0.7107A, enables an adequate area o f rec ip roca l l a t t ic e  sec tio n  to
be recorded a t  any one tim e. The p ic tu re  displayed as Figure 6.1 in
Chapter VI was taken by R. S h irley , and is  a good example o f  the q u a lity
th a t can be obtained with a small c ry s ta l on x-ray film . I t  w il l  
be seen th a t there i s  no s ig n if ic a n t d is to r tio n  o f the l a t t ic e .
The ’t a i l s ’ th a t appear are due to  the fa ilu re  o f the  zirconium 
f i l t e r  completely to  f i l t e r  out the 'w h ite1 x -rad ia tio n . In 
general the p ic tu res taken by th is  author were o f c ry s ta ls  too 
large fo r  accurate x-ray work, since they were taken both to 
v e rify  la t t ic e  parameters and to  re la te  ax ia l o rien ta tio n  to  c iy s ta l  
h ab it fo r  c ry s ta ls  o f su b s ta n tia l s iz e . None o f these p ic tu res has 
been included in  th is  th e s is . C iystals were mounted in  various ways, 
and o ften  tran sfe rred  d ire c tly  from precession camera to  Raman 
spectrom eter s t i l l  mounted on the s e t  o f  ’a rc s ’ . I t  was found th a t 
almost any non-aqueous cement could be used fo r  supporting a c ry s ta l 
on a drawn glass f ib re . Shellac in'IM S,'-with-a l i t t l e  camphor 
added to  a id  p la s t ic i ty  i s  a standard adhesive fo r  c iy s ta llog raph ic  
work. I f  used d ilu te , i t  d ries quickly, a f te r  spreading. I f  
allowed to  thicken i t  doesn’t  spread so badly; bu t i t  remains 
p la s t ic  fo r  longer, a llw in g  fo r  sou© minor re se ttin g  o f the c ry s ta l 
i f  necessary. Polystyrene in  xylene, o r  collodion in  acetone take 
ra th e r longer to  harden, and are not qu ite  so con tro llab le  in  use. 
A ll these m aterials fluoresce in  la s e r  l ig h t .
H (b) The Optical D iffractom eter
The o p tica l d iffractom eter is  a lso  a r a r i ty ,  though i t s  use 
is  spreading. I t s  main function in  crystallography research 
appears to  be as a quick route to  s tru c tu re  so lv ing , where a number 
o f possib le models can be compared by matching th e i r  o p tic a l tran s­
forms to  the x-ray data . I t  cannot be regarded as a c lose analogue 
o f x-ray d iffra c tio n  since the sub ject size  is  not scaled  in  the 
sane ra t io  as the wave length , and n e ith e r  are scaled  as the physical 
s ize  o f the apparatus. There is  the added r e s tr ic t io n  o f  a loss 
o f one dimension in  both the sub ject and the transform. As w il l  
be seen in  the chapter on squaric acid  in  th is  th e s is , i t  can s t i l l  
be veiy usefu l by providing a check on 'the assembly and o rien ta tio n  
of molecular un its  in  a c iy s ta l .
The d iffractom eter assembled by th is  author (see Figure 2,1) 
was b u i l t  on a 2 metre o p tica l bench, and so is  sm aller than 
would re a lly  be desirab le  from the po in t o f view o f being able to  
use large masks. In consequence masks were prepared by photo­
graphic reduction, from drawings o f  the expected atomic 
configurations* A photographic mask introduces a v a r ia b il i ty  o f 
phase by v ir tu e  of the inconstant o p tica l paths through various 
p a rts  o f the g e la tin  and film  base. Therefore the mask giving the 
c le a re s t transform  was se lec ted  from five  to  ten  o f those prepared.
At the time o f construction no la s e r  source was availab le  
and a compact source mercury lamp was used instead . A green f i l t e r  
iso la te d  the 546 nm rad ia tio n . In order to  conserve the rad ia tio n  
no pinhole was introduced to  improve sp a tia l  coherence. The 
transforms therefore  compound the aberrations o f the microscope 
lens used in  the system, with the true  transform . This microscope 
lens provides a reduced image o f an. i r i s  diaphragm in  fro n t o f the 
lamp, and the size  o f  the image is  such (1/lQmm d ia .)  as to  provide 
no degradation o f d e ta il  in  the transform s. This reduced image 
l ie s  a t  the focus o f an achromatic telescope doublet o f about 2 0 1 
focal length , which thereby produces su b s ta n tia lly  p a ra l le l  l ig h t  
fo r  illum inating  the mask. The focal p osition  is  c o rrec t here 
when the mask can be moved w ithout an apparent s h i f t  in  the  tran s­
form image. The doublet i s  a standard astronomical item with a 
wavefront e rro r  o f  ju s t  a few fringes in  monochromatic l ig h t  over 
i t s  f u l l  aperture. A second i r i s  diaphragm was used to  r e s t r i c t  
the aperture to  about lQmm diameter. This diaphragm was generally  
adjusted fo r  b e st v isual appearance o f the transform. A second 
id en tica l telescope ob jective followed the mask, and th is  ob jec t­
ive was ca rried  by a brass tube , the remote end o f which was 
equipped to  take an Exa camera body. The ’te lescope’ was focused 
v isu a lly  using both d is ta n t ob jec t and o p tic a l co llim ator methods. 
These methods are su ff ic ie n tly  accurate no t to  degrade the tran s­
form a t the system apertures used.
c o m p a c t  so u r c e  m e r c u r y  la m p
ir i s  d ia p h ra g m
g r e e n  f i l t e r
m ic r o s c o p e  o b je c t iv e
•point 1 im a g e  of s o u r c e
i r i s  d ia p h ra g m
t e le s c o p e  o b je c t iv e
m a s k
t e l e s c o p e  o b je c t iv e  .
c a m e r a  body.
f i lm  p lane
F IG U R E  2 . 1 L ayou t o f  o p t ic a l  d i f f r a c to m e te r  d i s c u s s e d  in  the te x t
(d raw in g  not to s c a le )
A wide range o f exposure times was used, fo r  35mm film s 
such as I lfo rd  Pan F and FP4. This enabled subsequent se lec tio n  
o f the most su itab le  exposure, fo r  scaled  enlargement to  f i t  the 
scale  o f the x-ray d iffra c tio n  p ic tu re s . The images were marred 
a l i t t l e  by graininess b u t not inacceptably so as can be seen 
from Figure 2*2, A la se r  source would have enabled much slower 
film s to  be u sed , and la rg e r apparatus would have provided a 
b igger image, had these been v i ta l  requirements. More extensive 
mask p a tte rn s would in  p rin c ip le  have given a sm aller spot s i  ze, 
though a t some poin t th is  would be lim ited  by o p tic a l defects in  
the apparatus and mask m ateria l. In the use o f the o p tica l d if f ­
ractom eter described in  tliis  th es is  the o p tica l transform  of a 
mask representing a sing le  squarate skeleton o f D4h symmetry, was 
compared with the superimposed x-ray d iffra c tio n  p ic tu res  o f zero 
and f i r s t  order layers o f the rec ip rocal la t t ic e  (hkO and h k l) .
This estab lished  the squarate o rien ta tio n  from the overa ll in te n s ity  
d is tr ib u tio n . For s im plic ity  only the zero layer p ic tu re  i s  shown 
in  Chapter VI, bu t even from th is  by i t s e l f  the o rien ta tio n  is  
w ell defined* A second mask was then prepared as a p ro jec tion  
along c o f the supposed pseudo-structure o f a number o f body 
centred u n it c e lls  o f symmetry 14/m. The o p tica l transform  o f 
th is  (Figure 2.2) was then compared w ith the zero lay er x-ray 
p iH ure  as described in  Chapter VI, I t  is  fortunate  in  these 
comparisons th a t the system atic p a tte rn  o f absences (missing 
orders) is  the same fo r  a body-centred three dimensional s tru c tu re  
(h + k + Z odd), as i t  is  fo r a two dimensional p ro jec tion  of the 
same (h + k odd), i f  in  the x-ray d iffra c tio n  p ic tu re  one only 
considers the zero layer (in  th is  case l  « 0) .
11(c) Other Apparatus used by th is  Author
In frared  absorption: Perkin Elmer 337 arid 457 spectrom eters.
Beckmann RIIC FS 520 and FS 720 Interferom eters 
Raman s c a tte r in g : Spex 1401 Grating Double Monochromator.
Spectra-Physics 125 He/Ne la s e r .
Laser Associates A+ la se r .
Thermo gravim etric an a ly sis : Stanton Automatic Thermobalance
(1000°C -  100 mg)
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.FIGURE Z .2 O p t i c a l  t r a n s f o r m  of a  t w o - d i m e n s i o n a l  m a s k
a /A
r e p r e s e n t i n g  th e  p r o j e c t i o n  do w n  c_ o f  t h e  s q u a r a t e  s k e l e t a  ■
s t r u c t u r e  o f  s q u a r i c  a c i d .  ' R e f l e c t i o n s 1 w i th  h-ik o d d  a r c
'  ----
s y s t e m a t i c a l l y  a b s e n t c
Only a few c a lib ra tio n  runs were performed on these in s tru ­
ments, since they were regu larly  serv iced  by the manufacturers. 
Typical e rro rs experienced were o f the order o f  2 cm on the 
in fra red  spectrom eters, though occasionally  more than th is  a t  the 
high frequency eiid o f the PE457 range. Interferon© ter frequencies 
were vised when availab le , since the transformed in terferom eter 
data is  ineluctab ly  co rrec t in  frequency to  a frac tio n  o f a wave- 
nunfcer, The ispex 1401 spectrom eter was checked a number o f
times on non-lasing lines in  neon and argon, and th is  served to
-1reveal a lack o f re p e a ta b ility  o f  the order o f 2 cm fo r  any one 
band. This in c id en ta lly  is  o f  the order o f 1 p a rt in  10^ in  
o p tica l frequency, about an order o f  magnitude b e t te r  than the 
in fra red  instruments in  absolute measure. Had the data seemed 
to  require  i t ,  i t  would have been quite  possib le to  perform 
in te rn a l ca lib ra tio n s on se lec ted  sp ec tra l runs , as fo r  example 
suggested by Thackeray and Stace (1972).
The Stanton Thermobalance was a combined T.G.A. -  D.T.A. 
apparatus with a matched p a ir  o f sample w ells ca rried  by the 
same carriage rod. Since only the foimer function was requ ired , 
and i t  was important not to lose the samples on u ltim ate decom­
p o sitio n , .the platinum crucib le  mentioned in  the te x t  was folded 
from sheet to f i t  an availab le  cap o r l id .  This s a t  on top o f 
the w ell carriage ra th e r  than in  the w e lls , but in  any case 
wherever i t  was placed i t  would in  fa c t be a l i t t l e  cooler than 
the furnace w a lls , where the furnace temperature is  monitored fo r  
control purposes. The program availab le  conferred a l in e a r  r is e  
in  furnace temperature over a four hour period , bu t as f a r  as the 
sample was concerned isotherm al conditions were not s t r i c t l y  
maintained.
Chapter I I I
VIBRATIONAL frPDES OF TIE SQUARATE ION
In i t s  configuration o f h ighest symmetry the e igh t atoms o f 
the squarate ion would be arranged so th a t a l l  C -  C distances 
are equal, a l l  C -  0 d istances are equal, C -  C -  C angles are a l l  
90°, C -  C -  0 angles are a l l  135°, and the atoms a l l  l i e  in  a 
s ipg le  plane. The po in t group fo r th is  arrangement is  D4h' 
E d ify in g  the length o f any one C -  C bond, fo r example by postu l­
a ting  a double bond, lowers the symmetry to  a t  le a s t .  I f  two 
non-adjacent C -  C bonds are shortened by the same amount the  
po in t group is  Later chapters w il l  show th a t these are
ty p ica l configurations o f  the squarate skeleton in  the so lid  
s ta te ,  whereas none o f  the o ther possib le  d is to rtio n s  o f the ion 
have y e t been reported. In general the anions in  the  c iy s ta ls  
s tud ied  s i t  a t  s i te s  o f even lower symmetry, though th is  environ­
ment i s  not always ind icated  by the  spectroscopy. I t  i s  conven­
ie n t  therefore  f i r s t  to specify  and labe l the allowed inodes o f  
v ib ra tio n  in  terms o f the h ighest symmetry o f and then to  
co rre la te  these to  th e ir  representations in  o ther po in t groups 
(Table 3 .1). In the tab le  and figures th a t follow, the 
C artesian axes x and y have been taken p a ra lle l  to  and/or perpen­
dicular to  C -  C bonds , and the z axis perpendicular to  the  plane 
o f the ion. This is  no t o f course conventional as f a r  as C2V 
symmetry is  concerned, as the twofold ro ta tio n  axis which would 
normally be lab e lled  z i s  now in  the plane o f  the ion and must 
here be e i th e r  x o r y.
Ignoring the tran s la tio n s and ro ta tio n s o f the free  ion (or 
i t s  l ib ra tio n s  in  the so lid  s t a t e ) , one obtains the following 
represen tations fo r  the v ib ra tio n a l modes:
r  “ 2Alg  + A2g + A2u + 2Blg  + 2Blu  + 2B2g + Eg +
D4h D2h J2v Approximate Description (Ito  and West, 1963)
V1
A l 8
A
g t-
v2 V v .
v3 VR) Big B2
v4 i A 2 u Blu B1
v5 Big VO Ai)X)
v6 Blg \ Ax)
v7 B- * lu V  . V j
. y ) .v3 lu V
v9 B2g BXg B2j
v10 B2g Bi g V
V11 Bg B2g+B3g
A„*+B.
L
v12
E )  
U)
v13 B2u+B3u Al +B2
v14 E ) u '
(C -  0 s tre tc h  
(
(C -  C s tre tc h
Torsion 
C -  0 bend o
(C -* C s tre tc h  
(
(C - 0 bend
(B -  0 bond 0 
(
(and ring  pucker
(C -  0 s t r .
(
(Ring de£»
C -  0 bend 0
(C - 0 s tre tc h  
(
(C -  C s tre tc h  
(
(C -  0 bend
S,
10
* inactive  in  in fra red  
R inactive  in  Raman 
0 out o f plane
Table 3*1 -  C orrelation o f symmetry* species fo r  the in te rn a l modes 
o f the squarate ion , fo r  po in t groups and C2y .
Uhder C2V symmetry and B2 may be interchanged since 
the lab e llin g  is  a ib itrary*
Thirteen o f these modes are in -p lane, and Ito  and West 
(1963) have l i s te d  a s e t  o f ten  symmetry co-ordinates th a t they 
found convenient fo r  th e ir  v ib ra tio n a l analysis o f the ion.
A fter correcting  a t r r H a l  e rro r  o f subscrip t in  th a t la b e lle d  
Sg, the ten  have been sketched here as Figure 3.1. I t  i s  however 
more convenient to  have a complete s e t ,  and an independent s e t  
devised by th is  author w il l  be seen as Figure 3.2. In sketching 
these modes, bends and s tre tch es o f the bonds have been separated 
as f a r  as p o ssib le , and the major contributions of atomic motion only
have been arrowed. These devices enable the sketches to  approx­
imate more to  the normal modes expected, in  the l ig h t  o f the 
frequencies o f v ib ra tion  observed spectroscopically . For example, 
and V2> the only modes o f A  ^ symmetry, are sketched in  such a 
fashion th a t the o rig in  o f the 2|?1 ra t io  o f frequencies i s  s e l f  
evident, and o f  B2^ symmetry are tre a te d  likew ise, and
the even la rg e r  frequency separation o f  and o f symmetry 
species , makes i t  reasonable to  dep ict as a s tre tc h in g  
mode and as a bending mode. A mechanical model o f  the  s itu a tio n
is  depicted graphically  in  Figure D.2.
The o rien ta tions o f the symmetry modes fo r  the degenerate 
v ibrations have been chosen so th a t the modes are equally  v a lid  
under symmetry, bhder C2V symmetry the representations
confoine in to  only four species, and mixing o f  modes here i s  so 
grea t th a t r e a l i s t i c  sketches are d i f f ic u l t  and have no t been 
attempted. In general, i f  a frequency changes very l i t t l e  as the 
symmetry is  lowered, then i t  is  probable th a t the  normal co-ordinate 
has not a lte re d  much. In such a case i t  w il l  not be unreasonable 
to  discuss the v ib ra tio n a l mode as i f  i t  were s t i l l  as o r ig in a lly  
envisaged. This is  so fo r  example, in  the c ry s ta ls  s tud ied , fo r  
vl> s>2 > vio  anc* vn >  w^ ere the frequencies change by 5% a t  the 
most, and generally  by much le s s . The reasons fo r th is  are 
discussed la te r .
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F IG U R E  3 . 2  V ib ra t io n a l  s y m m e t r y  m o d e s  fo r  the  C 4 O4
io n  under po in t s y m m e t r y
Table 3*2
■j ■ ■■' .....
! I to  and West
(1963)
k2c4o4 j i 2o khc4o4#h2o
(th is  author)
H2G4°4
V1 • 1794 1797 1812 1819
I v2 : ; ! • 723 718 716 728
v10 647 638 647 638
V11 662
652)
)
666)
629 631
Chapter IV
DIPOTASSIUM SQUARATE IvDNOHYDRATE 
IV(a) Crys t a l  Structure
The c ry s ta l s tru c tu re  o f K ^C ^.I^O  has been determined by 
Macintyre and Werkema (1964) . They obtained the following data  
from x-ray work:
o o
a » 11.418 ± 0.010 A; b **-9,374 ± 0.018 A
c = 6.600 ± 0.018 A; (5 = 105.6° ± 0.5°
Space group : C2/c; z = 4
They describe the c ry s ta ls  as co lo rle ss , but they do not 
include any descrip tions o f the c ry s ta l h a b its , method o f prepar­
ation  o r c ry s ta l op tics. As the u n it c e l l  here is  C cen tred , 
the prim itive  u n it c e l l  w ill  contain only two formula u n its  o f 
K2C4O4 .H2O. The two C404 anion un its  each l i e  a t a cen tre  o f 
inversion and are re la te d , f i r s t l y  by the C g lide plane which 
b isec ts  both o f them, and secondly by the 2- fo ld  axis o f  ro ta tio n  
which l ie s  h a lf  way between them. The s tru c tu ra l inform ation and 
pro jections provided by Macintyre and Werkema enable one to  
sketch the o rien ta tio n  o f the two anion un its  in  r e la tio n  to  the
symmetiy elements o f the u n it c e l l  (see Figure 4 .1 ). I t  can be
seen th a t the symmetiy axes o f the un its  are ro ta ted  about th e i r  
4-fo ld  axis by about 45° re la tiv e ly , thus mixing completely the 
d irec tions o f  the two kinds o f 2-fo ld  axes C' and C" th a t  would 
appear under symmetry. No more than a t r iv i a l  departure from 
p lan a rity  of the individual squarate anions could be detected ; 
and the only genuine departure from true  symmetry was an 
inequality  in  the lengths of the C -  C bonds, thus bringing the 
true  symmetry c loser to  D ^ . This d ifference was th ree  times the 
standard deviation fo r  the bond lengths, but was regarded as too 
small to  be s ig n if ic a n t. However, i t  i s  not precluded by the
V  ^
\
(da oztfQ&n
F IG U R E 4 .  1 P r o je c t io n  o f  the p a ir  o f  sq u a r a te  a n io n s  
down c -^  onto ab p lan e  in  c r y s t a l  s t r u c tu r e  o f  
K2.C4p 4 , H 2 0 . ' -
actual po in t symmetiy o f the ion s i t e ,  whidi is  C ^(l).
Hie anions are stacked in  'columns in  the c d irec tio n , 
being hydrogen bonded by interm ediate w ater molecules. Hie normals 
to  the anion planes are t i l t e d  by S°4f with respect to  the c axis 
and 9°4! with respect to  tlie c* ax is.
Thus one finds the following fo r the p a ir  o f squarate ions
unit:
in  the prim itive j^cell:
(a) The c ry s ta llo g ra p h ic c  d irec tio n  is  approximately 
the o rig in a l d irec tio n  of the unique t4~fold) 
axes o f the individual ions*
(b) Hie two fo ld  axes a t  righ t-ang les to  th is  
d irec tio n  in  the individual ions have become 
mixed and th e i r  in d iv id u a lity  lo s t .  Hie anion 
p a ir  is  re la te d  by a 2 -fo ld  axis o f the c ry s ta l ,  
lying in  the ab plane; though not passing 
through the plane o f e itlie r  ion , but halfway 
between them.
(c) A c ry s ta l g lide plane b ise c ts  each column o f ions.
(d) The squarate ions are charged negatively , and are 
hydrogen bonded v ia  water molecules.
Hie constra in ts o f symmetry (a to  c) and of in te r io n ic  
in te rac tio n s (d) should be re f le c ted  in  the v ib ra tiona l spectros­
copy.
The water molecules jo in ing  the squarate ions in to  stacks 
are themselves on s i te s  o f ^  symmetry, and the p a ir  o f waters in  
each prim itive u n it c e l l  are interchanged both by the inversion  
and also by the re f le c tio n /tra n s la tio n  provided by the g lide  plane 
which l ie s  between them.
IV(b) Spectroscopy of, 'Solutions and P o lycrysta lline  Powder
V ibrational spectroscopy o f dipotassium squarate was 
reported by Ito  and West (1963) p r io r  to  the c ry s ta l s tru c tu re  
determ ination o f Macintyre and Werkema (1964). In frared  
absorption spectra  were obtained conventionally from Nujol mulls 
o f the so lid  sa lt*  Raman spectra  were obtained both from the 
so lid  and from a 10% aqueous so lu tion  using a Cary 81 instrum ent, 
presumably w ith mercury illum ination . Under the instrum ental 
conditions obtain ing , the observed number o f bands was id e n tic a l 
to th a t expected fo r the free ion under symmetry, but no t fo r 
the a lte rn a tiv e s  calcu lated , namely C ^ , and For
no s ta te d  reason they did not include here D2^. Thus th e i r  
analysis adopts the v ib ra tiona l modes fo r  the ion under D4h 
symmetry. Ito  and West appear to  have adopted a conventional 
numbering o f the modes in  order o f symmetry and frequency, and 
they l i s t  a s e t  of ten in-plane symmetiy co-ordinates re fe rred  to  
a sketch o f ' th e  ion .(those - s k e t c h e d  by th is  author in  Figure 3 .1). 
However,, there is  no discussion of the inactive  modes ( to rs io n ) , 
Vy and Vg, nor any awareness th a t l a t t i c e  modes might be found in  
the spectra . There is  no mention o f e ith e r  the w ater molecule, 
or o f any analysis of the so lid  s a l t .
Most confidence can be placed in  th e i r  assignments fo r the 
two A1 v ib rations , since there were only two po larised  bands
—1 —i
observed, strong a t 723 cm ^ )  and weak a t 1794 cm (v^) .
These were regarded as the ring breathing v ib ra tio n  and the 
symmetrical C -  0 s tre tc h  respective ly . The authors were su rp rised  
to  find  so weak, but th is  is  not in  fa c t  unreasonable. In th is  
v ib ra tion  the four oxygen atoms move outwards as the four carbon 
atoms move inwards, and vice versa* Hence, the overa ll shape o f 
the p o la r is a b il i ty  e ll ip so id  may change but l i t t l e ,  the change due 
to  oxygen motion being almost compensated by the change due to  
caibon motion. In carbons and oxygens move in  the same 
d irec tio n s , hence the p o la r is a b il i ty  changes add and the band is  
strong (see Appendix A (c)) .
The assignments fo r the bands , o f o ther symmetries are less  
convincingly explained, though none is  unreasonable. They can 
be ju s t i f ie d  as follows:
(1) In the Raman spectrum i t  is  required to  find  the following 
s tre tc h e s :
v , B, a C -  C s tre tc h
v9 B2o. a C -  0 s tre tc h  and ring  deformation
« . n
These are best f i t t e d  to  1123 cm vs and 1593 cm s .
(2) In the in fra red  spectrum i t  is  required to  find  a s im ila r 
p a ir
v13 Eu a G S tre tc^
v12 Eu a G ” G'S tretch.'
These are b est f i t t e d  to  1090 cnT'*’ s and 1530 cnf ^  vs
(3) Perhaps the le a s t convincing assignment is  th a t o f a very
weak Raman band a t 662 cnf**' in  the so lid  only, which was
te n ta tiv e ly  assigned to  v ^ ,  the gerade degenerate out o f
plane C -  0 bend* As w ill be seen from the sing le  c ry s ta l
work o f th is  author in  the following sec tions, th is
frequency is  undoubtedly the only obvious Ba v ib ra tio n ,
6
but from the evidence of I to  and West alone, i t  was c le a r ly  
an in sp ired  guess.
(4) At lower frequencies are required:
v4 ^2u a C *" G bend, out o f plane
- 0 bend.1 . . .'"■■•■y in  plane
- 0 bendj
V a
v14 Eu a
V Blg a
v10 B2g a
Hie bands observed were:
r 259 a ' '
In frared  <
( 350 m
294 w
647 s
f  assigned in  the order above
Raman
Hie choice fo r and res ted  here upon obtaining a R easonable1 
s e t  o f force constants in  the normal co-ordinate ca lcu la tion ; 
as i t  happened, a s e t  fo r  which had a h igher frequency than 
(presumably a ris in g  from the d ifference in  reduced m asses).
This choice then determined the assignments fo r and v^q as 
w ell, by elim ination.
Tne calcu lated  force constants fo r the in-plane inodes are 
l i s te d  by I to  and West together with a comparison o f observed and 
calcu lated  frequencies. Maximum deviation i s  quoted as being 
less  than 31. Hie ca lcu la ted  frequency fo r the inactive  to rs io n a l 
mode is  however not quoted. I t  w ill  presumably l i e  h igher than 
say v^, in  which telaijedLsymmetry co-ordinates appear, bu t only 
tlie oxygens move.
A crude ca lcu la tion  fo r in fin ites im al simple harmonic 
motions sugges ts  the ra tio  o f the two frequencies should be *
2.76 (see Appendix C) V Hius should be about 839 c m " T h e r e  
is  o f course no weak band unassigned in  th is  region in  the spec tra  
o f I to  ana West, nor indeed any o ther sp e c ific  ind ica tion  o f the 
p o ss ib il i ty  o f departure from the chosen symmetry. I t  can be 
concluded a t th is  stage th a t i f  the symmetry is  in  fa c t c lo se r to  
aS r3SU -^ts  Macintyre and Werkema marginally suggested, 
the s e n s it iv i ty  o f Ito  and West’s experimental work was in su ff ic ­
ie n t to  ind ica te  th is .  With hindsight i t  is  also possib le  to
-1comment th a t  the C -  0 in fra red  active s tre tc h  a t  1530 cm may 
w ell be perturbed by the bending mode o f the water molecules in
the c ry s ta llin e  m ateria l. Hence th e ir  force constant fo r  the 
C -  0 s tre tc h  may to  th a t ex ten t be in  e rro r .
An e rro r  o f subscrip t appears in  the l i s te d  symmetry 
co-ordinates fo r  Sg, and tliis  has been corrected in  Figure 3.1.
I to  and West did not-support th e i r  assignments with a q u a lita tiv e  
judgement on the re la tiv e  frequencies o f Vg and and V2 
and v^q. These are a l l  combined C -  0/C - C s tre tc h e s , approx­
im ated/in the model of Figure D. 2. I f  i t  is  considered th a t  
these s tre tch es should increase in  frequency according as to  
whether the ring  i s  tra n s la te d , deforraed or s tre tch ed , then 
the assignments are in  co rrect order o f frequency.
IV(c) Single C rystal Habits and O rientation
Crystals were grown from tiro d iffe ren t water so lu tions in  
beakers by slow evaporation. The s o lu b ili ty  is  su ff ic ie n tly  high 
th a t tliis  method easily  leads to  rapid ly  grown c ry s ta ls  o f poor 
o p tic a l q ua lity . The ra te  o f growth was slowed by increasing  to  
th ree  the number of layers of f i l t e r  paper sealing  the beaker 
tops. Hie two so lu tions were both produced by o v e r-n eu tra lisa tio n  
o f  the commercial acid with ’M a la r ’ KGH p e lle ts ,  the excess of 
a lk a li  being about 101 by weight. Use of a fresh  sample o f so lid  
squaric acid  led  to  the growth o f colourless c ry s ta ls ; whereas 
the use of a so lu tion  from which acid squarate c iy s ta ls  had been 
gram  previously , provided yellow c ry s ta ls . The yellow c ry s ta ls  
grew as long needles o r ■ th in -la th s  ,■ while the colourless ones 
were almost equant prisms. Hie cause o f th is  d ifference in  h ab it 
was not investigated . However, o p tica l goniometry showed th a t  
the angles between faces were id e n tic a l; and data from precession 
camera p ic tu res gave excellen t agreement with the published c e l l  
constan ts, as-described below.
Viewed in  d irec tions normal to  Hie w ell developed prism faces 
in  p o la rised  -ligh t, the ex tinc tion  d irec tions were noted (see
Figure 4 .3 ). The apparent angles between the long axis o f the 
c ry s ta l (c axis) and the nearest ex tinc tion  d irec tio n  x^ere 7.5° 
and 7,7°# This t i l t  a rises  no doubt from the t i l t  o f  the 
squarate ions reported by MacIntyre and Werkema.
Table 4.1
Analyses Yellow Colourless Calculated
% carbon 23*08 23.19 23.1
I  hydrogen 0.95 0.96 0.94
Independent elemental gravim etric analyses gave the co rrec t 
carbon and hydrogen content fo r  ..the c ry s ta llin e  monohydrate o f  
the n eu tra l s a l t  in  both samples.
Tiie yellow colouration is  therefo re  in d ica tiv e  o f an 
e lec tro n ic  defect s ta te  o r in p u rity  in  some xvay compatible with 
the c ry s ta l s tru c tu re , but in  density  in su ff ic ie n t to  be de tec t­
able in  th is  x-ray work o r the subsequent spectroscopy.
In th is  connection i t  is  perhaps relevant th a t the ion o f 
the corresponding 5-membered rin g , the croconate ion , has a genuine 
yellow co loration  due to  the lower energy o f  i t s  f i r s t  excited  
e lec tro n ic  s ta te .
Table 4.2
LATTICE
CONSTANTS Yellow Colourless Macintyre S Werkema
a- 11.45 11,38
(rounded one place) 
11.42 ± 0.01 A
b 9.39 9,35 9,37 ± 0.02 "
c 6.59 6.59 6.60 ± 0.02 ”
0 106.5 - .  ' 105.6° ± 0 .5°
T o,verify the la t t ic e  constants a yellow needle, o f s ize  
about 0.5 x 0.5 x 7 ram, was s e t  o p tic a lly  in  the precession . 
camera to  i t s  two prominent faces in  tu rn , and se ttin g  p ic tu res  
taken with u n filte re d  Mo radiation* These were i n i t i a l l y  
unrewarding in  th a t a strong zone o f re f le c tio n  could no t be 
seen. However, i t  was observed th a t  the two p ic tu res  were m irror 
images o f eadi o ther, so the c ry s ta l was re s e t by turn ing  i t  
about i t s  long axis (as i t  transp ired  i t s  c axis) to  exactly  h a lf  
way between the two previous se ttin g s . Here the expected m irror 
plane of-the, rec ip rocal la t t ic e  was found (now containing the 
x-ray beam d ire c tio n ) . Then by turning another 90° about the 
same axis the raonoclinic 2 -fo ld  axis was brought p a ra l le l  to  the 
x-ray beam (see Figure 4 .2 ). These two l a t t e r  se ttin g s  provided 
Polaroid-Land photographs, using f i l te r e d  Mb i(a rad ia tio n  and a 
layer screen, o f the following sections o f the reciprocal l a t t ic e
(1) A section  containing tlie 2 -fo ld  axis and normal 
to  a*, b isected  by the m irror p lane, and giving 
data  fo r tlie la t t ic e  constant b . The specia l 
condition k = 2n was deduced fo r the OkO 
re fle c tio n s .
(2) An liOil section  of the rec ip rocal l a t t ic e ,  
giving the l a t t i c e  constant a. The specia l 
conditions h -  2n, I  -  2n were deduced. The 
h0£ section  contained ra th e r few re fle c tio n s  
despite  the sho rt wavelength o f Mo Ka ra d ia tio n , 
due here to  system atic absences. To c o llec t 
more data , and also  to  resolve a possib le  
ambiguity in  tlie c* d irec tio n , the la t t ic e  
constant c was obtained from
(3) An KU section . The spec ia l condition h -  2n+l 
was deduced.
As can be seen from Table 4.2 the agreement with the constants o f 
Macintyre and Werkema was sa tis fa c to ry , though the c ry s ta l  was 
too large to  give a value of a lying w ithin  th e i r  standard
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K ^C ^O ^.b^O  n e e d le  s e t  for  h0£ and h l£  la y e r  p ic tu r e s  in  the p r e c e s s i o n  c a m e r a .  
The x - r a y  b ea m  i s  p e r p en d icu la r  .to  the p a g e ,  and the f i lm  l i e s  p a r a l l e l  to the p a g e .
FIG URE 4  3 V ie w  of d o u b le -  
ended c r y s t a l  along _b shew ing  
a p p ro x im a te  t i l t  of the in d ic a tr ix  
a x e s  with r e s p e c t  to the c a x is  
and the  oblique end f a c e s  o f  the  
c r y s t a l .  The end f a c e s  appear  
to be r e la te d  by the 2 fo ld  a x i s .
deviation. Hie sp ec ia l conditions agree w ith those given fo r 
space group C2k -  C2/c ..(Henry and Lonsdale, 1969).
A .colourless-.crystal-w as-sim ilarly: mounted, and sections
(1) and (2) repeated. Again the tab le  shows sa tis fa c to ry  agree­
ment , although, the c ry s ta l was.more absorbing and in  consequence 
tlie re flec tio n s were fa in te r .
This large colourless c ry s ta l was then tran sfe rred  to  an 
op tica l goniometer, s t i l l  mounted in  the s e t o f a rc s , and tlie 
re f le c tio n  angles of i t s  fa c e  measured. Six o f them were observed 
by ro ta tio n  about the c ax is , and then a fu rth er s la n t face 
which term inated the c ry s ta l was measured. These angles are 
l is te d  in  Table 4 .3 , together with an angular d ifference taken 
from se ttin g s  o f .the e a r l ie r  yellow c ry s ta l in  the precession 
camera fo r comparison. From th is  da ta , tlie angle between (110) 
and (110) faces is  calculated  to  be 98°47f . A sketd i o f the 
c ry s ta l cross-sec tion  appears in  Figure 4 .4 . I t  can be con­
cluded from these measurements on both kinds o f  c ry s ta llin e  
m ateria l, th a t both colourless and yellow c ry s ta ls  correspond in  
s tru c tu re  and composition to those investigated  by Macintyre and 
Werkema (1964).
Figure 4.4 
C ross-section of c ry s ta l
( 1 1 0 ) 98 47 '
( 100 )
( 1 1 0 )
( 110)
£  a x is  p e r p e n d ic u la r  to p a g e
Table 4.5
O ptical goniometry o f K^C^O^.l^O c ry s ta l
Face assignment c axis s e t t in g  c irc le D ifferences
| P.camera 
; c irc le  
| d ifference
(1 1 0) broad 
(I 1 0) narrow
94° 41’ T  
13° 26' J
81° 15'
I
i
1i
( 1 0  0) v.narrow 323° 53' 81.35°
( 1 1 0 )  broad 
(1 1 0) narrow
274°41' 'I 
193° 30' J
81° 11'
(I 0 0) v. narrow 144° 17'
S lant face not 
indexed
31° 18'
(2nd c irc le
37° 28')
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IV(d) Spectroscopy o f Single C rystal .H20
C rysta ls , grown as described in  the previous sec tio n , were 
examined by Raman spectroscopy and, a f te r  mulling in  Nujol, by 
in fra red  spectroscopy, as described in  d e ta il  below* A dditionally  
a, 100 mg sample was dehydrated by heating to  200°C on the 
Stanton thermobalance. Water equivalent to  0.96 H20 was lo s t .
An in fra red  spectrum (Figure 4.5 centre) o f  a Nujol mull o f th is  
dehydrated s a l t  was taken. The same sample was again dehydrated 
24 hours l a t e r ,  th is  time losing  approximately 0.5 f^O, but a t  a 
lower tem perature. However, the spectrum obtained (Figure 4.5 
bottom) s t i l l  shows a sm all residuum o f  w ater. Even a casual 
glance a t the  sp ec tra , included here as Figures 4.5 to  4 .13, shows 
fea tu res th a t were no t remarked by I to  and West (1963) . In 
general tlie spec tra  have more bands than those authors l i s t ,  and 
in  some cases m u ltip le t s tru c tu re  appears. The bands observed 
fo r  the mondhydrate in  th is  p resen t work are l i s te d  in  Table 4 .4 , 
together w ith those assignments given by I to  and West (1963). I t  
can be seen from the tab le  th a t in fra red  and Raman active  bands 
are mutually exclusive. In the sections o f  the te x t  th a t follow , 
ind iv idual sp ec tra  are discussed in  d e ta il .  Spectra o f  the  
colourless and the yellow m aterials appeared to  be id e n tic a l.
IV(d) (1) Far In frared  (Figure 4.6)
Well defined bands o f moderate streng th  appear a t  97 and
-1343 cm , a stronger one a t  about 242, and a veiy strong  one a t  
-1about 160 cm . This l a s t  is  too strong to  be reproduced 
adequately, and the spectrum would need to  be repeated with a 
th inner mull i f  i t  were important to  asce rta in  i t s  s tru c tu re  and 
frequency. Since i t  is  much lower in  frequency than the lowest 
frequency required in  the v ib ra tio n a l analysis o f  the squarate 
ion by Ito  and West, i t  would be possib le  to  dismiss i t  w ithout 
fu rth e r  discussion as an (unassigned) l a t t i c e  mode. However, i t  
i s  n o t in v a lid  to  support th is  with any re levan t evidence. F i r s t ,
aoNvsuosav aotwaaosav
T ab le -4*4
Observed bands in  K ^O ^.I^O  above 240 cnf ^  ( th is  work), with the 
fundamental assignments o f I to  and West ( l e f t ) , and fu r th e r  assignments 
suggested by th is  author (cen tre ).
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i t  is  c le a rly  by fa r  the s trongest low frequency in fra red  
active mode, and th is  is  what we should expect o f  the tran s ia to ry  
l a t t ic e  inodes in  an ion ic  c ry s ta l , in  p a r tic u la r  those in  which 
the anions move against the motion o f the cations* In the case 
of dipotassium squarate , a sing le  potassium ion is  moving against 
h a lf  a squarate ion (plus possib ly  h a lf  a water oxygen) in  th is  
mode. The h a l f  anionic mass i s  therefo re  between 56 and 65.
Other potassium s a l ts  with s im ila r anion masses can be found with 
strong in fra red  la t t ic e  modes a t  almost the same frequency.
Table 4.5
K2C4°4-!12° kno3 * KHC03 (th is  author)
V ca. 160 cnf * 152 155
mass o f
anion 5 6 - 6 5 62 61
Hence, a second supporting argument i s  the reasonableness o f  the
-1frequency i t s e l f .  The shaiper band a t 97 cm can hardly be any­
th ing  but a la t t ic e  mode a t  such a low frequency in  a substance 
which contains no heavy atoms. I t s  unstructured  shape and 
moderate width suggests a non-degenerate mode (under monoclinic 
symmetry degenerate modes can only be acc id en ta l) . I t s  re la tiv e ly  
low in te n s ity  compared w ith tlie higher frequency band might 
suggest th a t i t  was perhaps not tran s ia to ry  in  o rig in . But there  
are o f course no ungerade lib ra tio n s  o f  the squarate ions in  the 
u n it c e l l ,  since each ion i s  s i te d  a t a centre o f inversion .
The bands a t  242 and 343 a if*  are those assigned to  and 
v.j^ by I to  and West, and th e i r  argument has been presented in  a 
previous section . In the spectra  o f the anhydrous s a l t  (Figure 
4.5) the 343 cm band, though weakened, i s  seen to  be resolved 
in to  two continents. I t  would appear th a t some p a r t  o f the 
o rig in a l in fra red  in te n s ity  may have been due to  assoc iation  with
* Ferraro and Walkfcr (1965)
w ater molecules ♦ But fo r  th is  s p l i t t in g ,  one might possib ly  
(though there i s  no ru le  here) have assigned them the o ther way 
round, on the basis o f s treng th  and o f width, They are both 
ring  C -  0 bending modes , and i f  the assignments a re  co rrec t i t  
would appear th a t tlie out-of-plane mode v^ o f symmetry A2U is  
both broader and stronger than the inplane mode o f  symmetry 
Eu* The ca lcu la tion  of the ra t io  in  Appendix C(b) suggests
365 cm”1 as a  l ik e ly  frequency fo r  v^, and is  th ere fo re  s u b s ta n t ia l ly  
in  e rro r . There is  probably l i t t l e  sign ificance in  the d iscrep­
ancies in  measured frequencies. In frared  spectrometers can be 
s ig n if ic a n tly  o ff-c a lib ra tio n  a t the ends o f  th e i r  ranges. The 
spectrum .of Figure 4 .6  was however obtained from an inter*- 
ferom etric instrument which should be free from any e rro r  o f  th is  
s o r t . ■
IV(d) (2) In frared  (Figures 4 . 7 ,  4 . 8  and 4 .9 $  i
Continuing upwards from the low frequency end, novelty  is
-1introduced by a p a ir  o f bands a t  about 583 and 740 cm , the  
l a t t e r  broader than the foimer. That these su b s tan tia l 
features were not mentioned by Ito  and West suggests th a t th e i r  
powder sample was in  some important fashion d iffe re n t from those 
investiga ted  by th is  author, though whether by v irtu e  o f  d iffe re n t 
c ry s ta l s tru c tu re  o r o f d iffe re n t hydration i t  is  impossible to  
be sure. The o rig in  o f the bands is  not c lea r. In the sp ec tra  o f 
Figure 4 . 5 ,  these bands diminish in  in te n s ity  as the  w ater o f 
hydration is  removed. Therefore the bands belong to  modes in  
which the water molecules contribute a su b s tan tia l change in  dipole 
moment. One cannot t e l l  whether they are ac tually  water modes, 
o r whether they a rise  from squarate ion modes normally in ac tiv e  
in  the free  ion , but in  which most o f the in fra red  a c tiv ity  in  
tire hydrate i s  contributed by the p o la risa tio n  due to  the  presence 
o f w ater molecules, o r  even to  th e ir  jo in t  motion.
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A purely speculative assignment would be th a t o f  the out- 
of-plane deformations Vy and vg> both o f species inac tive  
under the  te tragonal ion symmetiy , but active  (Au + Bu) under 
the lower symmetiy inposed by the adjacent water molecules o r 
by the s i te  group (C/)*
However, tlie v ib ra tio n a l model discussed in  Appendix D
suggests th a t the frequencies o f Vy and vg should s trad d le  th a t
o f  V4 . I f  th is  i s  so then the assignment suggested is  impossible*
A dditionally , such high frequencies imply a su b s tan tia l s t if fn e s s
-1fo r the  ring  pucker deformation constant* Hie band a t  583 cm 
could however be assigned to  Vy, w ith vg no t id e n tif ie d  but a t  
some frequency much lower than v^*
Since the s i t e  symmetiy o f  the squarate ion  is  C4 the 
•*1 1 in fra red  band a t  740 cm could no t a rise  from the mode v^,
gerade and inactive  in  tlie free  ion , but w ith frequency ca lcu la ted
**1 -1in  Appendix C to  be about 838 cm * Hie frequency o f 740 cm
is  however in  the r ig h t region o f the spectrum to  be assigned to  
a l ib ra tio n a l mode of the water molecules. For example in  the 
nonohydrate o 
(Ross, 1972).
m f copper sulphate they appear a t 813, 866 cirf*
I t  has already been seen in  a previous section  th a t  the 
C -  C'bonds in  the squarate ion d if fe r  very s l ig h tly  in  leng th .
In addition the u n it c e l l  contains two such ions s i te d  a t  centres 
o f inversion , and coupled by interm ediate water molecules. There 
is  then the p o s s ib il i ty  o f  tlie o rig in a lly  degenerate ring  s tre tc h  
mode being s p l i t  in to  four components, a l l  in fra red  a c tiv e . 
Hie band reported by Ito  and West a t  1090 msT^ appears here as a 
doublet, with about 13 cnT* separation in  th is  author’s sp ec tra , 
a t 1086 and 1099 cnf^. I t  can be seen from the tab le  th a t only 
two o f the fundamentals and both degenerate, appear to  
be s p l i t  to  such a su b s tan tia l ex ten t, and n e ith e r  appears to  
have a fu rth e r p a ir  o f companions o f the same p a rity . Thus i t  is
uncertain  whether i t  is  the lowering o f lo ca l symmetiy th a t 
resolves the degeneracy of these two inodes, o r whether i t  is  
due to  the presence o f a second ion as a coupled v ib ra to r 
introducing a second frequency* As however the symmetric C -  G 
s tre tc h  vy a t  718 cn fi is  c le a rly  no t doubled by the presence of 
the second ion, i t  seems most l ik e ly  th a t  i s  s p l i t  as a r e s u l t  
o f  the lowered loca l symmetiy*
In the C -  0 s tre tc h  and water bend region there appear
the very broad very strong absorption a t about 1520 cm assigned
as the degenerate C -  0 s tre tc h  'v-- by I to  and West, and a lso  a
much weaker sharp band a t 1701 cm which they reported bu t d id
no t assign* Under c ry s ta l symmetry the  two water bending modes
w ill  have A^ and Au symmetiy as in  Figure 4*14 while should
lose i t s  degeneracy and the four components be o f 2AU + 2Bu
symmetiy. Ihere i s  every reason to  suppose th a t ,  i f  the
frequencies o f  C -  0 s tre tc h  and w ater bend are c lo se , which
could e a s ily  happen w ith such a breadth o f  band, th a t  there  w il l
be considerable in te rac tio n , and the separate  nature o f  the  two
vib rations w ill  be lo s t .  However, i t  is  u sually  the case in
hydrogen bonded substances th a t the OH bend frequency w ill  be
higher than in  the absence o f such bonding* In water vapour the
„1
bending frequency is  1595 cm (Herzberg 1945), hydrogen bonding
would increase th is ,  and any in te rac tio n  resembling Fermi
•1
resonance w ith the  band a t  1520 cm would increase i t  again.
Thus I to  and West’s assignment fo r  i s  not in  much doubt.
Ihe weaker .band a t  1701 cm seems to  be too sharp fo r  a 
hydrogen bonded water bend. A deuterated  sample wrould o f  course 
provide useful evidence here . This band does however disappear 
in  the spectrum o f the anhydrous s a l t ,  so th a t i t  assoc iates in  
some way w ith the presence o f w ater. A weak shoulder appears a t  
ca. 1570 cnf*** in  the anhydrous m ateria l, This may in d ica te  th a t ,  
together w ith i t s  very broad, very strong  conpanion a t  ca. 1500 cnT* 
i t  co n stitu tes  the doubly degenerate mode
- I
At 2186 and 2200 cm a weak doublet appears, c lea rly
resolved. The two components seem to  vary in  re la tiv e  in te n s ity ,
and th is  is  presumably an o rien ta tio n  e ffe c t which is  not
uncommon in  mulls squeezed between s a l t  plates* The frequencies
f i t  the assignment o f  given by I to  and West , w ith a
negative anharmonicity o f  11 to  12 cnf* compared w ith I to  and 
-1West’s 13 cm . There is  the a lte rn a tiv e  p o s s ib i l i ty  o f
(v ^  i s  a bending mode) which gives a p o sitiv e  anharmonicity o f
14 cm” '*'* A ll th ree  figures are somewhat too large to  be dismissed
lig h tly  as instrument c a lib ra tio n  errors* Miiehever assignment
is  chosen the sign  o f the anharmonicity i s  not p red ic tab le .
Indeed, i f  one takes the data  fo r  C02 which is  also centrosymmetric,
the coirbination bands formed a t  3609 and 3716 cnf* by the
asymmetric s tre tc h  both show negative anharmonicity, whereas the
*-i *combination bands a t  1932.5 and 2076.5 cm formed by the bending 
mode show negative and p o sitiv e  anharmonicity o f nearly  equal 
magnitude.
The 0 -  H s tre tc h  o f  the w ater o f  c ry s ta l l is a t io n  appears
a t  3270 cm~* (again no mention by Ito  and West) . This i s  consid-
—1erably  below the 3756 cm (Herzberg, 1945) o f the molecule in  
the vapour phase* In the c ry s ta l there  should be two in fra red  
active  components o f Au and symmetry (see Figure 4.14) , but 
th is  s p l i t t in g  i s  not seen in  the  spectrum. In fa c t the tr ia n g u la r  
shape o f tire band with v e s tig ia l  shoulders suggests ra th e r  a band 
with two s a t e l l i t e s ,  fo r  which there  is  no obvious explanation 
o ther than the  presence o f sum and/or d ifference bands. The com­
bination  here o f OH s tre tc h  and the 160 cnf^ la t t ic e  mode i s
' '  ■ -1roughly correct in  frequency, since the shoulders are about 300 cm 
apart. C rystal symmetry w ill  allow in  the in fra red , combinations 
o f both (Uqtj + gj^rp) and (ujj^  + ggiP fundamentals. Hence such 
combination bands may have an elaborate  and probably unresolved 
sub -struc tu re .
aoNvauosav BONvaaosav
Hie spectrum of the anhydrous m aterial mulled th ick ly  with 
Nujol (Figure 4.10) shows add itional bands not e a s ily  observed
in  the th inner m ulls. Many-of them belong in  fa c t to Nujol
■ -1''i t s e l f  (Figure 4 .10). That a t  2607 cm however is  not o f any 
c lea rly  assignable o rig in  but may be + vi2 ‘ E asier to  
assign, in  th is  case to  combinations o f squarate ion fundamentals, 
are the doublets a t  1728 and 1741 aif*  (v^q + v^3) and 1939 and 
1949 cnT*; (v9 + >^4) *
In general, dehydration seems to have a re la tiv e ly  small 
e ffe c t on the squarate ion frequencies, and i t  seems lik e ly  th a t 
the symmetry o f the ion is  not changed a g rea t deal. There is  
c e rta in ly  no ind ication  o f any loss o f the centre o f inversion .
The ease with whidi the s a l t  appears to  rehydrate suggests th a t 
only by in te n t  would one obtain  a spectrum o f the anhydrous 
m ateria l. Since the data  o f I to  and West (1963) contains the  
1701/1711 in fra red  band, i t  seems l ik e ly  th a t  i t  was the mono­
hydrate th a t they used in  th e ir  investiga tion .
IV(d) (3) Raman Fundamentals
Crystals o f K2C20^,H20 used in  the c ry s ta l measurements o f 
section  IV.(c) were used, a f te r  prelim inary runs with sm aller 
c ry s ta ls . With the needlelike yellow c ry s ta ls  i t  was possib le  
to  pass the la s e r  beam normal to  (100) through the c ry s ta l . The 
d iffe ren t h ab it o f  the colourless c iy s ta ls  made th is  only approx­
imately so , as can be seen from the o rien ta tio n  diagram of 
Figure 4.11, The spectra  from the two so rts  o f c ry s ta l were 
however su b s ta n tia lly  id en tica l in  content, and very s im ila r in  
the band in te n s ity  ra tio s  fo r the various possib le  p o la risa tio n s .
The spectrom eter viewed the illum inated volume through (110)
and (1*10) faces o f  the c ry s ta ls , giving approximately I and IXy zz
components o f in te n s ity  re fe rred  to  the c ry s ta l axes. By changing 
the c ry s ta l o rien ta tio n  the spectrometer could look through the
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un iden tified  s la n t  end face o f the c ry s ta l ,  and th is  provided 
components I - and Iw » The o ther cross terms were obtained byAA. Ajf
appropriate se ttin g s  o f la se r  beam p o la risa tio n  ro ta to r  arid 
spectrom eter analyser* Relative in te n s ity  re su lts  from some s ix  
se ts  o f spectra  have been averaged to  compile Table 4,6,  and 
spectra  o f d iffe r in g  p o larisa tio n s are shown in  Figures 4.12 and 
4.13. In view o f tlie imperfections in  c ry s ta l o rien ta tio n , the 
mixed o rien ta tio n  o f the two anions in  the u n it c e l l ,  and the low 
c ry s ta l and ion s i t e  symmetry, i t  is  rewarding to  find  a substan­
t i a l  separation  in to  species ind icated  by the re la tiv e  in te n s it ie s  
o f  the bands fo r d iffe rin g  p o la risa tio n s . For example, se lec tin g  
tlie bands assigned by I to and West to  , .B  ^ arid ^ g  spec ies , 
groups together a l l  the observed bands s trongest in  I and I .
a x  j\,y
Note fu rth e r  th a t r  * T fo r the and v ib rations since
XX Xy g S
the p o larisa tio n s are mixed by the 47 ro ta tio n , whereas there  is  
a marked d isp a rity  between them i f  the species is  A ^ . The 
feeble streng th  o f has already been explained in  section  IV (b),
and i t  can be seen from Tables 4.6 and 4,7 th a t is  in  fa c t
-1  cthe strongest band above 300 cm ,
I^C^O^. H^ O Raman Single Crys ta l
V c m  1 I
XX V j xz Iyz
43 EVANESCENT, provenance doubtful
85 vw w vw s m
95 vw w m s w s
109 vw ' w m m • s
133 vw w m m s
b r. 200 3 4 5 10 20
ca* 230 vw p o la risa tio n  indeterminate
304 B- 
l g
15 13 1 2 2
600 vw p o la risa tio n  indeterm inate
638 B~ 2g 71 64 0 1 3 "
652n 0 4 24 20 12
O^f
. 666 0 2 12 4 2
718 Alg 100 46 55 7 5
ca. 750 vw p o la risa tio n  indeterm inate
1112 B. 
lg 73 64
0 1 3
1311 1 ' 1 2 0 0
1328 1 1 2 0 0
1592v 12 12 0 0 1 1
B?„ 
16007 zs 13 12 0 0
. I
1 . !i
1797 A1a
1
3 1 0 0
i
0 .(
I
Table 4.6
The peak heights o f Raman bands are expressed in  th is  tab le  as a 
percentage of I  fo r v9. Axes y and z are along c ry s ta l  b and c:'V  ^• XX &
respec tive ly , while x corresponds to  a*, as in  Figure 4,11. Zero 
e n trie s  correspond to  <1$*,
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Table 4.7
There is  then no doubt th a t  these are the s ix  non-degenerate 
gerade fundamentals required by v ib ra tio n a l analysis# v^ and V2 
cannot reasonably have assignments o ther than those given; and 
those given to  and Vg are roughly what i s  to  be expected fo r  
C -  C and C -  0 stretches# This leaves 304 cnf* fo r the inplane 
C -  0 bend and 638 cm~  ^ fo r  the inplane ring  deformation^ V/o.. 
I t  is  only to  be expected th a t the d is to r tio n  o f a hybridised 
sp o rb ita l  by reducing one angle to  90° provides a much h igher 
s t if fn e s s  fo r  fu rth e r reduction of th is  angle, and a much lower 
s t if fn e s s  fo r movement o f the th ird  ex ternal bond. Hence the 
deformation frequency fo r comparable in e r t ia s  w>uld be su b s ta n tia lly  
h igher fo r  the rin g  deformation.
Only one degenerate Raman active  fundamental is  required
fo r  the ion i t s e l f ,  -  out o f p lan e ), and th is  is  b e s t f i t t e d
by the bands a t 652 and 666 cnf These are the only bands th a t
have s ig n if ic a n t in te n s it ie s  in  I and I r -  thus a l l  o thers arexz yz
thereby elim inated. This provides a sa tis fa c to ry  confirm ation o f 
the very conjectural assignment o f I to  and West already d iscussed . 
Owing to  the 47° ro ta tio n  o f one squarate ion with respect to  i t s  
companion in  the u n it c e l l ,  x and y axes fo r the ion are no longer 
very w ell defined. This may help to  account fo r  the ra th e r  strange
d is tr ib u tio n  o f in te n s it ie s  fo r these two bands amongst the 
experimental p o la r isa tio n s . I t  does, however, appear strange, 
i f  they are the two components o f the expected degenerate 
v ib ra tio n  th a t one component is  very much stronger than the 
o th er, th a t .they are both-.stronger-in Ixz than in  I^z , and th a t 
they are even stronger s t i l l  in  I z « I t  is  no t possib le  e ith e r  
to d if fe re n tia te  between Ihe two in term s'o f .c iy s ta l symmetry 
(species A and B J from the data* However, the in te n s it ie s  do
O' '  O' .
suggest a very low symmetry indeed, probably th a t o f the s i t e
group Cb , which would alloys a l l  p o la risa tio n s . The high in te n s ity
o f I could then be associated w ith the fa c t th a t the normal zz
co-ordinates o f are o u t .o f 'p la n e , i . e . - i n ' t h e  z d ire c tio n , so
th a t there may be a very large change o f p o la r is ib i l i ty  along z,
a ris in g  from a change in  the shape o f the p o la r is ib i l i ty  e ll ip so id
(see Appendix B(a)).  As in  the case o f v ^ '" in  the in fra red , i t
tiierefore is  impossible to  be sure whetrier the s p l i t t in g  i t s e l f
is  caused by lo ca l loss of symmetry such as the coupled w ater
molecules in troduce, o r by the presence o f the second squarate ion
in  the u n it c e l l .  Hie actual s p l i t t in g  observed was very s im ila r ,
-1about 14 cm , so th a t i t  represents an even la rg e r percentage 
d ifference . I t  may be re le v a it th a t the bands assigned to  in  
the acid  s a l t  and in  squaric  acid are not s p l i t .
In the case of the much sm aller s p l i t t in g  observed fo r  vQ 
a t 1600 and 1592 cm in  the b e tte r  spectra  run, a c lea rcu t 
decision is  possib le . This is  not a degenerate v ib ra tio n  o f the 
ion, and hence the s p l i t t in g  is  due to  co-operative motion with 
the companion ion. In the c ry s ta l the species are A  ^ and Bg, and 
the observed s p l i t t in g  is  only 8 cnf*. This i s  a sm aller percent­
age change than the o ther two and hence might not be observed in
lower frequency'' non-degenerate bands. There is  however a co n sis ten t 
p a tte rn  o f s p l i t t in g  o f the degenerate bands although two appear 
s p l i t  and ..two do no t. The two th a t are s p l i t ,  and v ^ ,  have
carbon atom displacements th a t d ire c tly  s tre te ll or bend one o r the
o ther o f  the d iffe rin g  p a irs  o f C -  C bonds; whereas in  the case
o f  and such deformations are subsidiary  to the C -  0 
s tre tc h  and C -  0 bend motions th a t characterise  the modes.
At th is  po in t i t  is  f a i r  to  observe th a t th is  work e n tire ly
supports the Raman fundamental assignments o f Ito  and West. I t
w ill  be reca lled  th a t they did not find  any ind ication  of the
to rsio n a l mode inactive  under symmetry. Even i f  the
symmetry is  only lowered to  th is  mode becomes Raman allowed.
Hie calcu lation  o f i t s  frequency in  the Appendix C suggests i t
-1should be sou$it a t  around 838 cm ; In tlie spectra  obtained
— ihere there  is  indeed a very we ale band a t about 750 cm , b u t  i t s
p o la risa tio n  was uncertain  on th is  account. I f  th is  is  indeed
the ’forbidden1 to rsion  v^, then the contrary ro ta tio n  o f carbon
atoms and oxygen atoms obviously leads to  a very small n e t diange
in  p o la r is ib i l i ty ,  the one almost compensating the o th e r, as i t
does in  the case o f  the synmetric s tre tc h  On the o th er hand,
in  the absence o f p o la risa tio n  data , some other assignment may
-1be equally v a lid . Hie o ther very weak band a t  ca. 600 cm could
-1be tlie overtone o f a t  304 cm . I t  is  a tempting a lte rn a tiv e
0
to  see these two bands a t 600 and 750 cm in  association  w ith 
the mystery in fra red  bands a t 583 and 740 cm”1 as a group o f  4 
a ris in g  from modes re la te d  by the c ry s ta l symmetry, fo r example 
appropriately  phased motions o f the water molecules in  the 
l a t t ic e .
IV(d) (4) Raman Active Combinations
In tlie Raman, as m  tlie in fra red , only one combination band 
appears normally, in  th is  case a doublet a t  1311 and 1328 cm , 
with ra th e r  unusual in te n s i t ie s .  Though weak, i t  does appear 
strongest in  I , suggesting i t s  derivation  from an out-of-p lane 
fundamental, as occurs fo r instance in  te tra-iodoethy lene 
(Thackeray e t  a l ,  1973 and Appendix A(c)) . There - i s  a choice 
here between 2 v ^  o f species A^, bu t giving mixed anharm onicities, 
or o f species o f negative anharm onicities 13 and 17 cm
The choice of I to  and West (1963) was ^  + wi'$1 a negative
anharmonicity o f 56 and 59 cm ^ which, although only 5% o f tlie 
confined frequency, seems large  to  be ju s t if ia b le  fo r  a sum o f 
s tre tc h  and symmetric bend fundamentals* Rejecting th is  then 
as tlie le a s t  l ik e ly  choice, one cannot so reasonably exclude the 
Eg combination (also  a sum o f  s tre tc h  and symmetric bend).
■■The p o la risa tio n  data tends to  ind icate  2v«^, and i t  was seen th a t 
i t s e l f  was strangely  strong in  I 22*
Table 4.8
! Observed
5 • . 1
A,lg
V11 * V11
r '
■ E ■
! g
!
v4 + v13
! E! ■ g 
i '1 v0 +1 2 111? ,_w ' " " P !
j 1311 1304 1328 1370
I 1328 1318 1341 1384
1
t
L_ ;' 1332
Appendix B(a) i l lu s t r a te s  th e o re tic a lly  how an overtone 
such a s2 v ^  may a rise  autom atically from the e le c tr ic a l  
aniiarmonicity of a fundamental such as
IV(d) (5) Water vOH
The Raman active  components o f the water 0 -  H s tre tc h in g
-1 -1v ib ra tion  appear as a band centred on 3290 cm , some 20 cm
higher than th a t  observed in  the infrared* Hie shape o f  the
band is  s im ila rly  tr ia n g u la r , more or le ss  symmetrical, and
' —1 ■ about 125 cm width a t  h a lf  height compared w ith 335 cm fo r
the in fra red  band. The Raman band has the more obvious wings,
which may again be subsidiary components some 250 cm ap art.
The same comnents made about the in fra red  modes apply here too ,
namely th a t  there  should be a p a ir  o f them, in  th is  case A + Bg o
as sketched in  Figure 4*14* Again there  is  no c e rta in  in d ica tio n
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F IG U R E  4 . 1 4  S ix  s y m m e t r y  m o d e s  fo r  the w a te r  m o l e c u l e s  
in  the unit c e l l  o f  K 2 C 2 O4 . H 2 O . The s q u a r a te  io n s  s i t  at
c e n t r e s  of in v e r s io n  su ch  a s  that m a r k e d
o f a second component* The frequencies o f the observed components 
may be compared with those fo r free  water*
Table 4.9
1 ■
I ■
i 1^0 vapour *
i .
Crystal
vx 3653 
v3 3756
3290 Raman 
3270 In frared
The closeness o f Raman and in fra red  frequencies suggests th a t  
mechanically s im ila r modes are active  in the c ry s ta llin e  s ta te ;  
whereas the vapour modes are w ell separated in  frequency and are 
symmetric and antisymmetric modes. I f  one couples the suggested 
mode s im ila r ity  with tlie . apparent absence o f any second p a ir  o f 
modes, then i t  would appear th a t e ith e r  the and Au modes are 
much stronger spectroscopically  than the B and Bu modes, o ro
th a t the opposite is  so. Since the po larisa tio n s are d if fe re n t 
in  both in fra red  and in  Raman fo r these two a lte rn a tiv e s , tlie 
problem is  probably open to  experimental determ ination. The only 
spectrum taken so fa r  in  the Raman was fo r diagonal tenso r 
components o f in te n s ity , i . e .  la s e r  p o la risa tio n  p a ra lle l  to  
spectrom eter analyser* Under C2^ symmetry th is  ind icates the 
to ta l ly  symmetric species A^, which fo lk lo re  would have i t  
(Herzberg (1945) pp .293-4) generally  provides strong Raman bands. 
That i s ,  unless I t  d o esn 't, as is  apparently the case w ith 
already discussed.
IV(d)(6) Raman Active L attice  Modes
Tlie squarate ion, consisting  as i t  does of eigh t atoms, w il l  
have a su b s tan tia l p o la r is ib i l i ty .  I t  can be expected th e re fo re  
th a t the lib ra tionsooft'the  two anions in  th e .u n it c e l l  w il l  appear 
strongly  in  the Raman spectrum; and in  Raman only, since tlie ions
* Herzberg (1945)
s i t  a t  s i te s  o f  poin t symmetry G4 (1) . In-plane ro ta tio n  o f  a 
sing le  ion about i t s  fourfo ld  p rin c ip a l axis would be Raman 
inactive  in  the free ion; so i t  is  l ik e ly  to  be weaker than the 
out o f plane modes in  tlie c ry s ta l , where tlie lower symmetry does 
allow i t  to  be active* As the in e r t ia  o f the ion lihou t th is  
axis i s  twice i t s  in e r t ia  about tlie o ther axes, these two modes 
may be lower in  frequency, in  addition to  being weaker, than 
the  four out o f plane modes. The Raman spectra  show s ix  o r seven 
bands (Table 4*10) o f  which the lowest frequency band was 
fu g itiv e  in  th a t  i t  appeared in frequen tly , The band a t  230 cnf* 
was very weak indeed, bu t the o ther five  a l l  had su b s tan tia l 
in te n s ity . I t  is  probably tlie case th a t the four sharp bands 
here are tlie four out o f plane lib ra r ia n s  an tic ip a ted , since 
there  is .n o  reason fo r  supposing they w ill  no t be s im ila r in  
streng th  and appearance. The 85 cnf* and 95 cm~  ^ bands appear 
to  be the s tro n g est, bu t since the four are no t w ell resolved 
from eadi o th er no numerical values o f  in te n s ity  have been l i s te d  
in  Table 4 .6 . Ihere appears to  be almost no separation o f  these 
bands in to  d is t in c t  species by re la tiv e  in te n s i t ie s .  Hence i t  is  
supposed th a t the influence o f the low s i t e  symmetry is  strong 
enough here to  produce a c tiv ity  under a l l  p o la r isa tio n s . However, 
th ree  o f  the bands seem to  be strongest in  I vz  and a fourth  
strongest in  , w hichsupports the view th a t these are out o f 
plane lib ra tions*  The absolute in te n s it ie s  o f the two strongest 
modes are in  fa c t  h igher than fo r  any in te rn a l modes o f  the ion , 
ind ica ting  a very high change o f  p o la r is a b il i ty ,  th a t could only 
reasonably be associated  with the ion . Why three o f the four 
bands should also  be strong in  I i s  not c le a r , bu t i t  w il l  beZZ
reca lled  th a t th is  was also the case fo r  the out o f plane in te rn a l
~1 ‘mods(s) o f the ion a t 652 and 666 cm which have the same 
symmetry, A common explanation is  probable, and must involve a 
change in  shape o f  the p o la r is ib i l i ty  e ll ip s o id  (Appendix B(a)).
Table 4,10
Cbserved bands in  below 240 cm (th is  work)
j Infrared
1
Raman
i .
i . •i 43 e
) ■i 85 ms
t!- • 95 w s
97
j .
109 s
i
iS 133 s
i
\ 160 vs br*
1
? ■ 200 mbr.
1
i .■
ca. 230 w
T ransla tional modes of the potassium ions and water 
molecules may a lso  appear in  the Raman sp ec tra , but these are
lik e ly  to  be much weaker and a t  h igher frequencies* The remain-
-1 -1ing broad band a t 200 cm and the very weak band a t  ca. 230 cm
are possib le candidates here . The motions must again be such as 
to  ro ta te  the p o la r is a b il i ty  e ll ip s o id  about a centre o f symmetry, 
and so favour o ff  diagonal elements xy, yz and zx in 'th e  p o la r is -  
a b il i ty  tensor.
IV(e) General Conclusions on K^C^O^.l^O
This sing le  c iy s ta l work on authentic m aterial provides 
more information about the spectrum of the squarate ion in  a 
c ry s ta l environment than was reported  by Ito  and West. The loss 
o f free  ion symmetry by the appearance of a re la tiv e ly  small 
d ifference in  C -  C bond lengths provides an opportunity fo r  the
degeneracy o f c e rta in  v ibrations to  be resolved, and the' presence 
o f a second squarate ion in  the un it c e l l  permits a doubling of 
bands. Vg was ce rta in ly  doubled fo r th is  l a t t e r  reason, and 
probably fo r  the former reason. Observed combination bands 
were also  doublets, since each involved a t  le a s t  one s p l i t  
fundamental. The lower symmetry also provides opportunity fo r 
inac tive  bands to  become ac tiv e , and, together with the presence 
o f  water o f hydration, th is  explanation is  o ffered  fo r  bands not 
reported by Ito  and West. Mutual exclusion between Raman and 
in fra red  holds rigorously , and th is  is  to  be expected as a 
consequence o f the inversion re ta ined  as thcCtrrly symmetry element 
common to  the squarate ion and the ion s i t e  po in t groups, and the 
space group of the c ry s ta l. There is  no evidence th a t the 
presence of water in  the la t t ic e  has any d ire c t  mechanical e ffe c t 
more s ig n if ic an t than th a t o f acting as a s l ig h t coupling between 
some motions o f the two squarate ions in  the u n it c e l l .  Although 
the water s tre tc h  modes appear a l i t t l e  perturbed by the environ­
ment there is  no dramatic e ffe c t on the frequencies o f  the
remainder of the spectrum. This is  c le a rly  a consequence o f the 
~ o
long 0 -  H - — 0 distance (2.757A) found by Macintyre and Werkema.
POTASSIUM HYDROGSN SQUARATE TDNQIIYDRATE
V(a) C rystal S tructure (th is  author)
No mention of th is  s a l t  could be found in  the l i te ra tu re  
p r io r  to  the paper by Thackeray and Shirley (1972). C rystals 
were grown by th is  author by na tu ra l evaporation o f a water 
so lu tion  in  a beaker closed with a f i l t e r  paper. The 
so lu tion  was prepared from weighed q u an titie s  o f squaric  acid  
and 'Analar1 KOI! p e lle ts ,  the liq u o r being twice decanted from 
sediment a f te r  s e t t l in g . The q u an titie s  used were calcu lated  
and weighed to  form the n eu tra l s a l t ,  bu t as KOH p e lle ts  
contain a c e rta in  amount o f w ater and probably also some 
carbonate, th is  mixture would have been non-equivalent; and 
indeed a pH meter showed i t  to  be acid.
R elatively  few c ry sta ls  grew, but these grew as co lourless 
elongated prism s, upwards from the bottom o f tlie beaker. In con­
sequence they were ind iv idually  separa te , x^ell formed and o p tic a lly  
c lea r. Careful handling was required as the c ry s ta ls  cleaved 
read ily  across th e ir  long dimension. O ptical examination showed 
th is  to  be a pe rfec t cleavage, but not a t r ig h t a n g le s to  the 
length o f the c ry s ta l. The morphology was monoclinic, w ith tlie 
2 fo ld  (b) axis a t  r ig h t angles to  the length. A sketch o f the 
c ry s ta l appears as Figure 5.3.
A short segment of c ry s ta l was mounted up i t s  b axis in  the 
precession camera. X-ray d iffra c tio n  records were taken on 
Polaroid-Land film  fo r the o rien ta tions re la te d  to  the two w ell 
developed faces p a ra lle l  to  b , using Zr f i l te r e d  MoKa ra d ia tio n , 
and a layer screen. Tlie two sections o f the rec ip rocal l a t t i c e  
recorded in  th is  way were confirmed la t e r  by Shirley  (Tiiackeray 
and Shirley , 1972) from an h0& section  to  be hkO and Okl lay e rs .
The following la t t ic e  constants were obtained by th is  author 
from measurements of the spacing o f the re flec tio n s  p a ra lle l  
and a t r ig h t angles to  b*.
Table 5.1
Angle o f ro ta tio n  between sections 3 = 100.5°
From hkO section
0
a = 8.61 A
From both sections b = 10.88 A
From Okfc section c -  6.57 A
Tlie volunv3 o f the u n it c e l l  was thence calcu lated  to  be
°3abc s in  3 = 605 A
The accuracy here would not be b e t te r  than ±1$, as the c iy s ta l
■z
was la rg e r  (ca. 1 mnr) than would normally be desirab le  in  x-ray 
work.
V(a) (1) C rystal Density
In order to  determine the, mass o f the u n it c e ll  contents, 
the density  o f some crushed c ry s ta llin e  m ateria l was measured by 
the f lo ta tio n  method (Shirley , 1967). As c ry s ta ls  frequently  
contain voids and inclusions, some care was taken to  avoid assess­
ing the f lo ta tio n  of u n ch arac te ris tic  fragments. The c ry s ta ls  
were not s ig n if ic a n tly  soluble in  e ith e r  o f the two liq u id s , 
iodobenzene and iodoethane, used fo r  the density  fine-m atching 
mixture. Iodoetirane seemed the more v o la ti le  o f the two, bu t 
repeatable re su lts  were obtained when the re fra c tiv e  index o f  the 
mixture was measured a number o f times with an Abbe refractom eter. 
Hie choice o f the two most su itab le  liqu ids was suggested by a 
prelim inary determination using mixtures o f xylene and bromoform, 
which d if fe r  from each o ther very considerably in  both density  and
re fra c tiv e  index. Results from the c lo ser determination were as 
fo llow s;
Table 5.2
nD p (gm/ml)
Stodc iodoe thane 
Stock iodobenzene 
F lo ta tion  m ixture
1.5126 1.933 
1.6168 1.816 
1.5964 1.8385
A lin e a r  in te rp o la tio n  was assumed'here.' The re s u lt  compares 
favourably with th a t calcu lated  l a te r  by Shirley  from b e tte r  x-ray 
data and tlie true mass o f u n it c e l l  contents, namely 1.8537 gm/ml. 
Producting the former with the estim ated volume o f the u n it  c e l l  
gives .-the .mass of i t s  contents as
1,8385 x 60S =1112.3 x lO"2-4 gm
V(a) (2) Unit Cell Contents
With tlie mass o f  tlie oxygen atom taken to be 16 x 1.66 x
lCf24 p i, the 'con ten ts o f tile u n it c e l l  therefore weighed 670 
atomic mass u n its . There are a number of possib le compounds and
th e ir  hydrates th a t l i e  w ithin reasonable range, say 3°a, o f th is
experim entally determined mass. I t  was c le a r therefo re  that^so 
far^tlie determination could not poin t unequivocally to  any 
p a r tic u la r  one o f the following:
Table 5.3
(i) 3K2C404 .H2C404 = 6 8 4 . 6  amu
( i i)  2K2C404.2H2C404.4H20 = 680,4 amu
( i i i )  K2C404 .3H2C404 ,8H20 = 676.2 amu
(iv) 4H2C404.12il20 = 672.0 amu
Experimental measurement « 670 amu
I t  should be cornnisnted a t th is  po in t th a t contents ( i)  to
(iv) inclusive are the only p o s s ib i l i t ie s  compatible with tlie 
space group o£ P2-^/c la te r  determined by Shirley  (see section  
TV(b) o f th is  chap ter).
Recourse was made therefore  to  independent elemental an a ly s is , 
o f which th a t thought to  be most re lia b le  in  technique was:
% carbon % hydrogen 
28 "■ . 1.75
Comparable frac tions fo r  compounds (5.) to  (iv) are as follows
Table 5.4
Carbon % Hydrogen %
CD 28.0 0.29
( i i ) 28.2 1.763
( i i i ) 28.4 3.25
(iv) 28.6 :■* 4.76
This leaves l i t t l e  doubt in  the m atter, th a t the compound is  o f 
tlie formula K H C ^.^O  and th a t there are four formula u n its  in  
the u n it c e l l .  However, th is  author also decomposed a 100 mg 
sample (calculated not to  exceed the range o f the balance) of 
the c ry s ta llin e  m ateria l, in  a platinum crucib le  bent from sheet 
m ateria l to f i t  a preformed l id .  This was stood on the carriage  
of a Stanton automatic thermobalance. The balance had been run 
twice beforehand up to  1000°C in  order to f i r e  o ff  contaminants, 
and to e s tab lish  i t s  buoyanq/ behaviour with tlie empty c ru c ib le . 
The calcu lated  additional buoyancy correction  fo r the sample was 
50 micrograms a t 80Q°C.
The 100 mg sample lo s t  10 mg between 150° and 180°C 
(furnace temperature) and th is  was assumed to  be tlie loss o f 
w ater o f c ry s ta l l is a t io n . The evidence fo r th is  was deduced 
from the behaviour o f a sample f i r e d  separately  in  a m elting 
po in t apparatus up to  3Q0°C. At th is  temperature the c ry s ta ls  
had the appearance o f glased po rce la in , could be redissolved in , 
and subsequently re c ry s ta ll is e d  from, d i s t i l l e d  water. In the 
thermobalance there was no fu rth e r weight loss up to  350°C.
Beyond th is  the sample lo s t  a fu rth e r 47*2 mg in  two stages 
between 360° and 530°C. There was no fu rth e r weight loss up 
to  760°C. The m ateria l remaining in  the crucib le  when mulled 
with Nujol gave the same in fra red  spectrum (see Figure 5.1) as a 
stock sample of so -ca lled  ’anhydrous1 potassium carbonate 
(Figure 5 .2 ). The measured w eight losses matched th is  postu la ted  
decomposition of tlie hydrated acid  squarate.
Table 5.5
Measured: 100 * 90.0 ->• 42.8 mg
Calculated: ( i i )
(i)
( i i i )
100 + 89:4 -v 40.6 mg 
100 -* -> 60.8 mg 
100 -> 78.7 -> 20.5 mg
These two analyses were deemed to  be an adequate determina­
tio n  of tlie formula o f th is  new s a l t ;  and acceptance o f th is  
shows th a t tlie x-ray and density  determination of the formula mass 
was in  e rro r  by x 100 = 1.551.
At th is  p o in t, th is  author tran sfe rred  h is  a tten tio n  to  the  
spectroscopy o f  th is  acid s a l t ,  while the  c ry s ta l s tru c tu re  analysis 
was fu rth e r continued by Shirley  (Thackeray and Shirley , 1972) and 
by Bull (1973). As can be seen from tlie jo in t  paper c i te d , the 
spectroscopic work enallied fu rth er conclusions to  be drawn on the 
s tru c tu re . I t  is  not intended to  repeat the arguments h ere , as a
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copy of the 1972 paper is  hound in to  this.-thesis-. Instead the 
more lo g ica l procedure o f completing the. s tru c tu ra l descrip tion  
w ill  be followed, and th is  w ill  in  turn, be u sed  as the b asis  fo r  
an understanding o f the spectroscopy.
V(b) Crystal S tructure (Shirley and Bull)
Inspection o f h(U and hl£ records enabled Shirley to  
deduce th a t tlie space group was P2^/c from system atic absences.
More accurate c e l l  parameters were determined subsequently on a 
Siemens sing le  c ry s ta l d iffractom eter using f i l te r e d  Cu rad ia tio n . 
Three dimensional in te n s ity  data  co llec ted  was used by Bull (1973) 
in  a Fourier mapping computation of the e lectron  density  w ithin  
the u n it c e l l .  Conventional axes were derived, and re la te d  to  
the e x te r io r  morphology o f  tlie c ry s ta l .
O ptical examination of the c ry s ta l by Shirley showed th a t 
the in d ic a tr ix  axes lay  along b , b* fo r 'th e 'h ig h  index n ^ , and 
the others between (obtuse 3) a and c,  with tlie median index n^
2.3° from a. The values o f re fra c tiv e  index were:
n =1 .411 ; n = 1.674; n = 1.793a 3 . y
suggesting th a t the squarate ions lay  p a ra lle l  to  (001) faces o f 
tlie c ry s ta l , a re s u lt  suggested independently both by cleavage and 
by the spectroscopy, and u ltim ately  confirmed by Bull (1973).
Sketches o f tlie c ry s ta l appear in  Figure 5.3 lab e lled  w ith 
axes and an exaggerated ou tline  o f the in d ic a tr ix . No piezo­
e le c t r ic  e ffe c t .was- observed on a Giebe & Scheibe te s te r .
Knowing the space group th is  author then deduced a param etric 
formula fo r the u n it c e l l  contents of the form:
. (4-p) H2 . ^ ^4^4 • 4 (3-p)
ip 
A
(uo)
.(uo)
FIG U R E  5 . 3  The a l ig n m e n t  o f  the in d ic a tr ix  w ith  r e s p e c t
to  the  m o n o c l in ic  a x e s  in  a c r y s t a l  o f  p o t a s s iu m  a c id  sq u a r a te  
m o n o h y d r a te  (T h a c k e r a y  and S h ir le y  1972)
A z ||c .  ( f c s e r )
X.L(iod) a I l k
F IG U R E  5 . 4  The o r ie n ta t io n  o f  the c r y s t a l  c h o s e n  fo r  
l a s e r - R a m a n  s p e c t r o s c o p y .
where p is  any one o f 0 , 1, 2 or 3. This v/as based on the 
assumption'of 4 squarate un its  unconditionally , an in te g ra l 
m ultiple o£ 4 water molecules , and in te g ra l m ultiples o f 2 
potassium ions and 2 acid (OH) hydrogens. This in  tu rn  was 
deduced from the s i te  symmetries availab le fo r P2^/c. I t  v/as 
in  fac t too la te  to  be o f p red ic tive  use bu t i t  did confirm the 
possib le  choices o f formulae (i)  to (iv) already l is te d . In any 
case the p red ic tive  p o s s ib i l i t ie s  are severely-lim ited  in  th is  
case where Z ~ 4, as the (12) contents may occupy general 
positions in  the c e ll  .(Wyckoff e) or be p a r t ia l ly  pa ired  in to  
four pa irs  of s i te s  (Wyckoff a, b , c , d) o f poin t symmetry 1.
The only re s tr ic tio n s  are th a t the acid ions and the w a te r• 
molecules cannot l i e  in  these l a t t e r  s i te s  as they are not 
ind iv idually  centrosymmetric u n its .
The Fourier determination o f Bull provides the remainder 
o f the data. As can be seen from Figure 5.5 the acid squarate 
ions are bonded in to  zig-zag chains along b , the p a ir  o f chains 
passing through each u n it c e l l  being separated by h a lf  the c 
dimension o f-the  c e l l .  Tne acid ions approximate to  C~
V
symmetry with unique (2 fold) axes approximately p a ra lle l  to  a* 
A lternate  ions in  the chain are re la te d  by a screw a x is , and by
the pseudo-centre o f inversion halfway along the 0 — • H —  0
o - .  -hydrogen bond, which is  approximately 2.5A in  leng th . The remain­
ing p a ir  o f oxygen atoms in  each acid  squarate ion are linked to ..y\b
water molecules by longer hydrogen bonds of 0 —- 0 d istance 2.67A 
and thence to  p a ra lle l  squarate chains in  the same plane. A 
sim ila r arrangement of ion chains has been studied  in  sodium 
hydrogen carbonate NaHCO ,^ and dimeric pa irin g  in KHCCU (Novak e t  
a l ,  1963), n e ith e r of which are complicated by hydration (see 
Chapter V II). That the ra f ts  of p a ra lle l  acid  squarate ion chains 
are only weakly bonded in the c d irec tion  is  ind icated  by the 
easy cleavage.
■r-
F IG U R E  5 . 5  T he p a ck in g  o f  a  2HC^_0^ ' d i m e r 1 in to  the u n it  
c e l l  o f  p o t a s s iu m  h y d r o g e n  sq u a r a te  m o n o h y d r a te .  T he s e c o n d  
d im e r  l i e s  at c / 2  b e lo w  the one d e p ic te d .  The w a te r  o x y g e n s
l i e  at 0 , 0 ,  and the c h a in  bonding h y d r o g e n s  c a n  be s u p p o s e d  to
p s e u d o ­
l i e  at t h e / c e n t r e s  o f  in v e r s i o n .  In a d d it io n  to  t h e / s c r e w  a x is
a long  b w h ich  i s  a t r u e  s y m m e t r y  e l e m e n t  o f  the  u n it  c e l l ,  
p s e u d o - s y m m e t r y  e l e m e n t s  o f  the d im e r  have  b e e n  s u p e r im p o s e d  
to in d ic a te  i t s  b m m  p s e u d o - s y m m e t r y .  D ata  f r o m  B u ll  (1973)
m i r r o r  p la n e  b g l id e  p lan e  --------------------
d iad  a x e s  ^  s c r e w  d iad------
in v e r s i o n  c e n t r e  q
The stronger hydrogen bonds between p a irs  o f acid  squarate 
ions in  the u n it c e l l  e ffe c tiv e ly  dimerises the s tru c tu re  as fa r  
as sing le  phonon spectra  (k -  o) are concerned, since the motions 
o f equivalent ions in  every u n it c e l l  in  the c ry s ta l w ill  be 
id e n tic a l. By co n tra s t, the in te rac tio n  between the p a ir  o f ion 
chains in  the u n it c e l l  w ill  be re la tiv e ly  much sm aller, since 
only the forces between ion ra f ts  are involved, as between the 
ion stacks in  the neu tra l squarate o f the previous chapter.
Hie dimers are pseudo-centrosymmetric (although indiv idual HC^ O^  
anions are n o t) , and of approximate space group symmetiy bmm (D2h^* 
This group lik e  the approximate po in t group C2V o f tlie ind iv idual 
skeleton , is  an orthorhombic group. Hie C -  G axes o f the 
anions are approximately p a ra lle l  to  the a and b axes o f  the 
c ry s ta l , and therefore  in  approximate alignment with the faces o f 
the c ry s ta l , and w ith the in d ic a tr ix .
V(c) Spectroscopy o f Single C rystal KHC^.i^O
As described fo r  the neu tra l s a l t ,  grown c ry s ta ls  were 
examined by Raman spectroscopy, and a f te r  mulling in  Nujol, by 
in fra red  spectroscopy. As in  the case o f  the n eu tra l s a l t  a 100 
mg sample o f the hydrated acid  s a l t  was dehydrated on the 
Stanton thermobalance, A sing le  run up to  200C was s u f f ic ie n t  
to  remove a l l  detectable water (Figure 5 ,7 ). I t  can be seen 
from the in fra red  spectra  (Figures 5.6 to  5.13) th a t there  was 
considerable background absorption, increasing towards lower 
frequencies. This occurred to  such an ex ten t th a t f a r  in fra red  
spectra  o f the hydrate were large ly  v i t ia te d  by poor s ig n a l to  
noise r a t io .  Wide band absorption is  a c h a ra c te r is tic  o f  hydrogen 
bonding, and in  th is  instance i t  may be supposed mainly to  a rise  
from the acid  0 -  H —  0 bond bridging adjacent anions already 
mentioned. The recognisable features superimposed on th is  back­
ground are discussed below.
V (c)(1) Far In frared  (Table 5.6)
Poorly resolved low frequency modes appear in  th is  compound
- Ia t  about 120, 160 and 183 cm , and these are most l ik e ly  l a t t ic e
tran s la to ry  modes. The reduced mass fo r such modes in  th is
tho^
compound is  30 a.m.u. compared with 24*4 a.m.u. fo r^neu tra l s a l t  
already surveyed, Thus the difference in  mass alone would lower 
the l a t t ic e  frequencies by some 101 only. There are also  three
- I
bands a t  236, 328 and 410 cm from which to  choose the two
anion modes and The l a t t e r  in  the free  ion is  a degenerate
in-plane bend which might w ell be s p l i t  under the lower symmetry
obtaining here; and indeed the 328 cm"?- band appears s p l i t  in  the
anhydrous m ateria l -  but so also are non-degenerate modes such as
-1(Figure 5 .7 ). The band a t  410 cm in  th is  acid s a l t  i s  not 
seen in  the spectra  of the n eu tra l s a l t .  I t  s h if ts  to  about 
462 cnf in  the anhydrous acid  s a l t  and i s f  there fore not a water 
band. Two p o s s ib i l i t ie s  e x is t  fo r  assignment. A simple o rig in  
suggested in  Table 5.6 would be the inactive  mode o f  the free  
ion designated Vy. The mechanics do suggest th a t  Vyi» > Vg 
(see Appendix D), and the actual s i t e  o r dimer symmetry here i s  
low enough fo r  th is  mode to  become active . However, as w il l  be 
seen l a t e r  the C -  0 s tre tc h  modes are explained in  teims o f 
the formation o f  a pseudo-dimer. I t  can be expected therefo re  
th a t the low frequency bend normal modes are a lso  re a lly  only 
explicable in  terms o f the modes o f a pseudb-dimer.
V(c)(2) In frared  (Figures 5.6 to  5.11)
Continuing upwards in  frequency, the spectra  show a p a ir  o f
inverted  bands, o r  windows in  the background absorption, a t
-1frequencies o f about 629 and 833 cm ♦ Evans (1960) proposed an 
explanation akin to  Fermi resonance fo r  windows o f th is  k ind , 
where a node o f narrow p ro file  in te ra c ts  w ith a broad unresolved 
background consisting  o f niany merging modes o f the same symmetry. 
The m atter was ca rried  fu rth er by S tra tfo rd  (1970) who calcu la ted
Table 5.6
Observed In frared  and Raman Bands in  KHC^ O^  .H^O (Higher Frequencies)
In frared Raman
A2u
u
u
E.u
v cm-1 suggested assignments 
(free  ion mode numbers)
l a t t ic e  tran s la tio n s
Not found 
328 14
410 (v?)u o r v14
629 window (v-q ) u
Not found 
705 vw Cv2^u 
833 window (v^)u 
1070 m
1160 vw (v5) u 
1482 :m
1640 s £  (v9 , v12) u 
1672 s
1808 m (y1)u
3384 T
> water 
3535 I OH
v cm
150
204
-1
(v4J8 239
266
v6 302 B-lg
'(v14^g 332
350
V11 629 E■S'.-
vid 647 B2g
v2 716 Alg
793
1068
v5 1167 Bi g
1fl579 ®2g
(V  V12^g 1650
[1687
V1
not found
1812 Alg
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a range of window p ro file s  fo r  such an elementary model. In con­
sequence th is  author considers th a t the two windows observed 
here a rise  from in fra red  fundamentals a t  these frequencies. But 
fo r  th is  inversion , th e / provide a s im ila r problem to  the  p a ir  o f 
bands observed in  the in fra red  spectra  o f the n eu tra l s a l t  a t  
583 and 740 cnf In the previous chapter these were considered 
fo r Vy and Vg, out o f  plane bends inactive  in  the free  ion , and 
the h igher frequency was re jec ted  in  favour e ith e r  o f a l ib ra tio n  
o f the water molecule, o r o f the inactive  mode Windows are 
by no means uncommon in  acid  sa lts*  For example Novak e t  a l  (1963, 
1967) repo rt them in  sodium and potassium sesquicarbonate 
d ihydrates, and Bailey (1971) has observed analogous windows in  
the in fra red  spectrum of anhydrous rubidium hydrogen croconate, 
RbHC505.
However, the bands in  the acid squarate m aterial do not 
disappear on dehydration, although they both change shape (Figure 
5 .7 ). S tra tfo rd  (1970) has accounted fo r  the shapes th a t  can
. . i
occur, and th a t o f the lower frequency band (ca. 630 cm ) in  the
anhydrous m aterial is  due to  i t s  p osition  on the flank o f the
broadband background absorption. I t s  shape is  a lso  rem iniscent
o f th a t due to  the high re f le c tio n  associated  w ith the re s ts tra h le n
bands in  ion ic  m aterials* However, th is  band appears w ith a more
conventional absorption p ro f ile  in  the hydrated m ateria l. I t s
frequency o f 629 cnf* suggests strongly  th a t i t  is  in  fa c t the
in fra red  companion o f the Raman active  mode (or possib ly  v-^ q) .
Since the band a t  833 cnT* cannot be a water l ib ra tio n  in  the
anhydrous m ate ria l, and i t s  frequency is  very close to  th a t
—1calcu lated  (Appendix C) fo r o f 838 cm , i t  has been so assigned 
in  Table 5 .6 .
Between the two windows in  KHC^O^J^O l ie s  a very weak in f ra ­
red fea tu re  a t about 705 cnf I f  th is  i s  genuine, then i t s  o rig in  
is  most l ik e ly  to  be the ungerade mode o f the anion p a ir ,  in  which
the indiv idual v ib rations are th a t o f  v^ but in  one ion a n ti­
phase with respect to  the o ther. The inphase mode appears strongly  
in  the Raman spectrum a t  716 cnf*. Though here allowed under 
c ry s ta l symmetry, the e sse n tia lly  nan-polar v ib ra tion  (a to ta l ly  
symmetric s tre tc h  in  the free  ion) leads to  very l i t t l e  in fra re d  
absorption.
The band a t  1070 cm"** is  much c le a re r , though hardly remark­
able in  s treng th . I t  is  about 23 cm~  ^ lower in  frequency than i t s  
counterpart in  the n eu tra l s a l t ,  bu t since only one in fra red  band 
is  to  be e je c t e d  in  th is  reg ion , i t  i s  f a i r ly  ce rta in ly  the  
degenerate C - C s tre tc h  v ^ .  In the hydrated neu tra l s a l t  and 
in  squaric acid  th is  band is  s p l i t .  The spectrum q u a lity  in  the 
hydrated acid  s a l t  i s  not adequate to  say w hether o r not the 
band is  s p l i t ,  though i t  seems to  have a shoulder o r kink on i t s  
lower frequency wing. In the anhydrous m aterial a s p l i t t in g  is  
qu ite  c le a r , though th is  i s  no t necessa rily  a reso lu tion  o f the 
degeneracy, and the bands are stronger. Another small kink 
appears a t  about 1160 cm . Again i f  th is  is  genuine, i t  could 
be the counterpart o f the C -  C s tre tc h  a t  1167 cm in  the 
Raman spectrum. This too is  qu ite  c le a rly  defined in  the  spectrum 
o f the  anhydrous m ateria l.
With the C -  0 s tre tc h e s , where the indiv idual changes o f 
dipole moment are much la rg e r  than in  C -  C s tre tch es  , in fra re d  
companions o f Raman modes produce bands of su b s tan tia l absorp­
tio n . Hence the two b a n d s in  the in fra red  spectrum a t 1482 and 
1808 cm"*1 are as strong as a t  1070 o if* . Though 1808 cm- ^ 
i s  c lea rly  associated  with v*. a t  1812 cmT -  in  the Raman, the  
1482 cm band has no Raman companion c lo ser than 1579 cm *v I t  
i s  f a i r ly  c le a r  from th is  th a t the  hydrogen bonding between anions 
strongly  perturbs the C - 0 s tre tch es o f the ions so th a t  in - 
phase and antiphase modes are w ell separated in  frequency. 
A dditionally , the degenerate in fra red  actiye  mode v ^ w h ic h  
appeared a t  1520 cm"*'*' in  tlie n eu tra l s a l t ,  appears ju s t  s p l i t  here
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-1  -1in  the acid  s a l t  a t  1640 and 1672 cm , more than 100 cm higher
in  frequency* A ll e igh t C -  0 s tre tc h  modes w ill  therefo re  be 
discussed together l a t e r ,  and assignments to  anion dimer modes 
attempted in  the l ig h t o f the add itional information from Raman 
spectra .
Two broad but well defined absorption bands, which may be 
the and o f  w ater, appear a t 3384  ^and 3535 cnf*, in  the 0 -  H 
s tre tc h  region, A lterna tive ly  either^two d iffe re n t environments 
fo r  the Water molecules in  the l a t t ic e  may be involved, o r 
d if fe re n tly  phased modes involving a l l  four molecules o f  w ater in  
the u n it  c e l l .
V(c)(3) Raman Spectroscopy
The excellen t o p tica l q u a lity  o f the c ry s ta ls  o f KHC^O .^I^O 
grown as described e a r l ie r  peim itted  Raman spectra  o f  high 
q u a lity . W ith,the c iy s ta l o rien ta tio n  shown in  Figure 5 .4 , 
la s e r  bean and spectrom eter d irec tions are approximately along 
a and 3 ax es 'o f-th e  p o la r is ib i l i ty  e ll ip so id , and beam p o la r is ­
a tion  and analyser d irec tions can be made to  l i e  w ithin a few 
degrees o f a , 3 a id  y d irec tio n s. Anion o rien ta tio n  was such 
th a t under these conditions spectra  o f 1 ^ ,  1 ^ ,  I and I zx 
p o larisa tio n s were recorded. A realignment o f the c ry s ta l with 
la s e r  beam along 3 and spectrometer viewing along y d irec tions 
allowed spectra  o f I • p o la risa tio n  to  be obtained as w ell.
A remarkable feature  o f the spectra  obtained, such as 
Figure 5,12 and 5.13, was the almost complete separation  o f the 
bands in to  the four d iffe re n t p o la risa tio n s , despite  the low 
symnetry o f  the c ry s ta l (P2^/c) and the anion s i t e  group (C^). 
Character tab les show th a t a symmetry group must be orthorhombic 
fo r  th is  separa tion  to  occur, i . e .  e ith e r  C2v» D2 o r 02^. Hence 
i t  is  apparent th a t as fa r  as spectroscopy o f  v ib ra tio n a l modes 
i s  concerned, the con tro lling  symmetry in  th is  compound i s  e i th e r
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th a t  o f the sing le  ion , namely or o f the dimer. I t
has already been shown th a t the dimer space symmetry approximates
5 ' 'to  bmm, and i t  was seen from the In frared  spectra  th a t the 
hydrogen bonding produced su b s ta n tia l pertu rbation  o f C -  0 
s tre tc h  .modes. Raman evidence poin ting  to  the same influence 
appears below*
A glance a t  the tab le  o f Raman .in te n s itie s , Table 5 .7 , shows 
th a t mutual exclusion between p o larisa tio n s is  suspect in  the case 
o f two o f the observed bands, where in te n s it ie s  are g rea te r than 
the  5% or so th a t one might expect a t  most to  a rise  s ing ly  from
«.T
c ry s ta l misalignment. For the band a t  647 cm o f p o la risa tio n  
p rin c ip a lly  I  , an in te n s ity  about one ten th  as much is  found
. ■‘v -
in  p o la risa tio n  This one can reasonably a ttr ib u te  to  the
influence o f  c ry s ta l symmetry, since both o f these p o la risa tio n s
belong to  the one c ry s ta l symmetry species IT. No such
explanation is  possible fo r  the observation th a t the band a t  
-1629 cm , presumably the degenerate mode though s trongest in  
Iyz , has one quarter o f th is  in te n s ity  in  lyy* Since th is  out 
o f  plane bend in  the n eu tra l s a l t  was the one which showed 
su b s tan tia l anomalous in te n s ity  in  p o la risa tio n  I , i t  i s  c le a r  
th a t a typ ica l behaviour is  fo r  some reason c h a ra c te r is tic  o f th is  
mode. Hie assoc iation  o f Iy2 with 1 ^  suggests the influence o f  
the fa lse  symmetry o f the dimer, which has a pseudo-glide along 
b and a pseudo diad along a.
V(c)(4) Raman Fundamentals
The. Raman bands corresponding to  the fundamental modes
vl* v29 v5 ? v6> vio  V11 are id e n tif ie d  in  Table 5.7
by s im ila r ity  o f frequency w ith the corresponding bands in  the
n eu tra l s a l t ,  ^by p o la risa tio n  and by in te n s ity . Note th a t v1
i s  s t i l l  much weaker than and th a t  a t  1167 cm has a
possible  contending a lte rn a tiv e , o f the  same p o la risa tio n  bu t
-1only one quarte r o f the in te n s ity , a t  1068 cm , A dditionally
KHG4O4 *^20 Raman Single C iysta l
v I I I  Iyy  xy yz xz
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Table 5.7
-1 -1Relative peak heights fo r Raman bands 150 cm to  2000 cm . 
Axes are approximately those o f the (monoclinic) c ry s ta l ,  
with Z perpendicular to  anion plane. * ind icates a res id u a l 
in te n s ity  o f  1 o r 2 u n its , due to  c iy s ta l  mis o rien ta tio n  as 
f a r  as could be determined.
there seem to  be th ree  bands fo r  possib le  assignment to  Vg 
although only two o f them a t  1650 and 1687 cm""^  on the face o f 
i t  have the co rrec t p o la risa tio n . As w ell as these e x tra  bands 
there  are a t  le a s t  h a lf  a dozen others o f s ig n if ic a n t in te n s ity
-1 - ibetween 150 cm and 1850 cm th a t require some explanation.
Hie explanation fo r th is  p ro lix ity  almost c e rta in ly  a rise s  
in  th is  compound, as i t  does in  KHCO- discussed la te r ,  because 
the v ib ra ting  e n tity  o f  inportance is  no t an iso la ted  acid  ion , 
bu t a p a ir  o f  such ions bonded in to  a pseudo dimer by the  shared 
hydrogen atoms* The dimer wi 11 have more than twice as many ; 
in te rn a l fundamentals as an iso la te d  sin g le  ion , h a lf  o f these 
being in fra red  active  and h a lf  Raman ac tiv e , since the two halves 
o f  the dimer are re la te d  by a pseudo centre o f symmetry* The 
bands w il l  tend to  p a ir  a t ra th e r  s im ila r frequencies whenever 
the inphase and out of phase v ib rations do not bend o r s tre tc h  
■the hydrogen bond s ig n if ic a n tly , hhere the bond in deformed 
however, then the coupling w il l  cause the mode frequencies to  
separate , and th is  pertu rbation  w ill be obvious in  the sp ec tra . 
Returning to  Table 5.6 o f  in fra red  and Raman bands, i t  i s  possib le  
to  see a great deal o f p a irin g . For example v2, v^, Vg, v^2 , 
and a l l  seem to  have companions o f the other p a r ity .
For and v2 and the G -  C s tre tc h  modes v^, th is  pertu rba­
tio n  i s  sm all, and the frequencies in  Raman and in fra red  are 
almost equal (vg exceptionally  seems to  have a doubtful companion),
Table 5.8
In frared  Raman
vi  h g
vz \
vs Blg  
v13 Eu
1808 m 1812 
705 vw 716 
1160 vw 1167 
1070 m 1068
For the bendingmodes and the in fra red  and Raman
frequencies are c lo se , suggesting th a t there is  no s ig n if ic a n t 
in te rac tio n  due to  the hydrogen bonding th a t might ac t to  
separate them* Moreover the frequencies are close to  those 
found in  the n eu tra l s a l t  (Table 8*4). Hie assignments given
Table 5.9
In frared  Raman
v4 A 2 u  
v14 Eu \
236 239 
328 332
e a r l ie r  are therefore  probably co rrec t, shows a s p l i t t in g  in  
the anhydrous acid s a l t ,  but th is  is  not necessarily  a reso lu tio n  
o f the degeneracy, any more than i t  was in  the case of since
in  the acid  s a l t  non-degenerate modes sudi as vr  are a lso  doubled
1 "  -1on dehydration (Figure 5*7). Hie Raman bands a t  239 and 332 cm
have acceptable p o la risa tio n s fo r  the gerade companions o f and 
under dimer symmetry.
The band a t  410 cnf * in  the in fra red  has already been 
assigned te n ta tiv e ly  to  Vy since , although, i t  may be masked or 
sh if te d  in  frequency on dehydration, i t  does no t seem to  disappear. 
I t  is  therefore  not i t s e l f  a w ater band* I t s  Raman companion 
appears a t  the markedly lower frequency o f  350 cm , and both 
bands are broad*
This leaves Raman bands in  Tables 5.6 and 5.7 a t  frequencies 
o f 150, 204 and 266 cnf* to be assigned. They are lik e ly  to  be 
the l a t t ic e  tra n s la tio n  modes A + 2B corresponding to  the  th reeo 6
in fra red  modes assigned e a r l ie r .  I t  i s  less  l ik e ly , though no t 
im possible, th a t they are combinations o f lower frequency l a t t i c e  
modes•
A strong in te rac tio n  appears to  occur fo r the C -  0 
s tre tch es  Vg and v^2, where the frequencies are so perturbed from 
free  ion values th a t .the modes have c lea rly  lo s t  th e ir  o rig in a l 
id e n tity . S uperfic ia lly  one might think to  assign the modes ju s t  
as ind icated  here , the in fra red  modes on the basis o f s treng th  and
Infrared  Raman
1640 s 1650 I
1672 s 1687 I
the Raman modes by the convenient pa iring  o f frequency and p o la r­
isa tio n . However, a c lo ser look a t  the expected p o la r is a tio n s , 
under dimer symmetry shows th a t Vg should have p o la risa tio n  1 ^
(as i t  has fo r  the  free  ion under B^g sp e c ie s), while o f the 
Raman companions o f v^2 one should have p o la risa tio n  1 ^  -while 
the o ther has p o la risa tio n  I ^ r. This is  ind icated  by the crossed 
assoc ia tion  in  the tab le  above. To resolve the m atter, e ig h t 
symmetry modes foimed by the e ig h t C -  0 bond s tre tch es involved 
fo r  v^, Vg and v^2 in  the dimer have been sk etch ed  in  Figure 5.14. 
vj- is  not o f course in  any doubt and the  modes 1 and 5 i t  produces 
have been included simply fo r  completeness. -The ungerade mode 
formed from Vg appears numbered 8 while the degenerate components 
o f v12 aPPear as modes 2, 3, 6 and 7. The mixing in  fa c t generates 
four new species under dimer pseudo-symmetry as fo llow s:-
Table 5.11
Mode
' f t A T
2J 2 y y
5} B-lg V
1} B3u x
8-71 
7+8 j B2u Y
*(l687 or^e r  uncertain , based on in te n s ity  
fl808
\ ——  1640V order u n certa in , based on
/ • -----~ 1672J re la tiv e  frequencies
\1482
- 0- -
!
I
t
i FIGURE 5 . 1 4  s y m m e t r y  m o d e s  for  C — O s tr e tc h in g  v ib r a t io n s  o f  the
ac id  sq u a ra tc  ’d im er* . M odes  4  & 8 in v o lv e  C4 r in g  d e fo r m a t io n  a l s o .  The  
carbon  m o tio n s  a r c  an t ip h ase  with r e s p e c t  to o xygen  m o t io n s .  T e n ta t iv e  
a s s ig n m e n ts  arc  b a sed  on in te n s i ty  and on p o la r i s a t io n .
Modes 2 and 8 are assigned read ily  on the basis o f p o la r isa tio n , 
frequency and s treng th . The s im ila r ity  o f  frequency in  inodes 3 
and 4 suggests neg lig ib le  mixing o f and to  form the normal 
modes, bu t the frequencies have been ra ised  by hydrogen bonding, 
and th e i r  difference is  sm aller. On the o ther hand the large 
repulsion downwards in  frequency of mode 8 suggests considerable 
mixing o f Vg and and th is  has been ind icated  in  Table 5.11.
Without po larised  in fra red  data the ce rta in  assignment o f  
6 and 7 is  not reasonable, bu t one can regard the frequencies as 
in d ica tiv e . I t  i s  conceivable th a t some ind ication  o f the  
co rrec t assignments fo r these four bands would be given by a 
normal mode and co-ordinate ca lcu la tio n , since there  are  only 
four varia tions to  t e s t .
The remaining Raman fundamental is  'the ring  deformation a t  
647 cnf*, (v10) ,  and no in fra red  companion was observed; nor is  
there  any weak unassigned in fra red  band th a t might reasonably be 
associated  \\dth the Raman band, unless the window assigned as the 
companion to  v-j j  in  fa c t belongs to  instead .
V(c)(5) Raman Overtones
Hie spectra  taken fo r  p o la risa tio n  I (Thackeray and 
Sh irley , 1972) showed some ww bands no t appearing fo r  o ther 
polarisations*  Two o f  th ese , a t 1255 and 1292 c n f \  could w ell 
be the overtones o f vn  and v10, since the frequencies are 
almost exactly  double, is  o f course a mode in  which the 
atomic motions are in  the z d irec tio n ; bu t there  is  nothing so 
d ire c t to  ind icate  why 2v ,^0 should appear only in  I . However, 
both these modes are in  a sense e ffe c tiv e  harmonic generators 
fo r  I 2Z in  th a t the z axis o f  the p o la r is ib i l i ty  e ll ip s o id , i f  
i t  changes a t a l l ,  o sc illa te s  in  length a t  twice the frequency 
o f the normal mode, since the z component o f the deformation is  
the same in  sign  and amplitude a t  both excursions o f the atomic
motions (see also  Appendix A (c)).
-1-The' band a t  1588 cm is  of course almost exactly  a t 
twice the frequency o f  the band a t 793 cnf^ * in  the Raman 
spectrum, not y e t assigned; o f p o la risa tio n  I - . I f  one can
yz
reasonably associate  these two by the same argument, then
-1  -1793 an may w ell be a Raman companion o f the ^window* a t 833 cm
which has been te n ta tiv e ly  assigned to'Vg. There is  no guarantee 
th a t Vg i t s e l f  would be active  under dimer symmetry, but any 
Raman companion would necessa rily  b e , since there  are no Raman 
inac tive  species under ^ 2^ symmetry, or fo r  th a t m atter under 
^2v* However, the 793 cm~* band appears in  an improbable po lar­
is a tio n  fo r assignment to  mode Vg, so th a t  i t  is  p referab le  to  
leave i t  unassigned.
V(c) (6) Raman Active L attice  Modes
Hie acid  squarate ion contains 58 e lec tro n s , the potassium 
ion 18 and the water molecule only 10* This i s  an ind ica tion  o f  
the re la tiv e  p o la r i s ib i l i t ie s  o f these e n t i t ie s  , though not 
necessa rily  ind ica ting  the re la tiv e  magnitudes o f  the  changes 
occurring during v ib ra tio n a l cycles. I t  is  to  be expected th a t 
the la t t ic e  modes o f  the acid squarate ion and i t s  dimer w il l  
appear strongly  and a t  low frequencies in  Raman sp ec tra , the  
potassium ion motions le ss  strongly  and a t  h igher frequencies, 
while the tim ber  bands w ill  appear only weakly i f  a t  a l l  a t  the 
h ighest frequencies. With four u n its  o f  each species in  the u n it 
c e l l  there  should be ( 4 x 3 x 3 )  -  3 ~ 33 o p tic a l modes a ris in g  
from tra n s la tio n s , plus another ( 4 x 3 x 2 )  » 24 o p tic a l modes 
a ris in g  from l ib  ra tions o f the acid  squarate ions and w ater 
molecules* I f  only h a lf  o f  the to ta l  appear active  in  Raman 
s c a tte r in g , then some 30 l a t t ic e  modes could appear in  the Raman 
spec tra . In fa c t th is  author recorded some 19 o f s ig n if ic a n t  
s treng th  in  the po larised  Raman sp ec tra  o f sing le  c ry s ta ls , as 
w il l  be seen from Thackeray and Shirley  (1972). To a g rea t ex ten t
the bands appeared to  occur in  p a ir s , associating  the p o la risa ­
tions as they would occur in  the species o f the c iy s ta l  fa c to r  
group, symmetry €2^. In most cases one. band o f each p a ir  was 
su b s ta n tia lly  weaker than the o th er, and sometimes appeared a t  a 
s l ig h tly  d iffe re n t frequency. Such frequency s h if ts  fo r  d iffe rin g  
p o la risa tio n s  are common in  the la t t ic e  inodes o f ion ic  c ry s ta ls , 
since d ifferences in  phonon propagation are involved.
I t  seems more log ica l in  the present context to  ignore the 
very weak bands a ris in g  from the doubled contents o f the u n it  c e l l  
and i t s  c ry s ta l environment, and attempt to  f i t  the more substan­
t i a l  bands to  lib ra tio n s  o f the acid  squarate dimer and to  the  
centrosymmetric motions o f the pa irs  o f potassium ions. Some 
th ir te e n  bands are l i s te d  therefore  in  Table 5.12, those a t  the 
h ig h e r , frequencies being those not assigned previously  as in te rn a l 
modes.
I t  is  convenient to  analyse the s itu a tio n  as i f  one were 
dealing w ith a free  dimer o f  po in t symmetry % •  L ib ra tiona l 
symmetry modes fo r  one dimer are sketched in  Figure 5.15, 
annotated with the expected p o la risa tio n . Under dimer symmetry 
they group in to  species + 2B^ct + 21*2 + bBj , so th a t four o f 
the normal mod^s are unknown combinations o f and L^, and o f  L2 
and L^. gnd remain unmixed, and are normal modes to  tire 
approximation th a t the e n ti ty  is  a free  d iner o f symmetry.
Assignraent hinges to  some ex ten t upon I^ . This motion 
corresponds to  a lib  ra tio n  Of tlie chain o f acid  squarate ions 
about i t s  leng th , the only mode in which tire hydrogen bonds are 
no t obviously distorted* R elatively  weak res to rin g  forces suggest 
th a t th is  should be the lowest frequency mode o f a l l ,  and as such 
i t  has been assigned in  the tab le  to  20 cm . C rystal symmetry 
causes i t  to  appear as w ell w ith p o la risa tio n  1 ^ .  i s  the
only to ta l ly *  symmetric l ib ra tio n a l  mode under dimer symmetry
-1  -1and the band a t 39 cm i s  assigned to  th is .  At 42 cm a band
appears in  the wholly co n flic tin g  p o la risa tio n s  I and 1 ^ .
Table 5.12
Tne stronger Raman bands appearing in  sing le  c ry s ta ls  o f KHC^ O^
and not assigned to in te rn a l modes
MODE cm ■/ *yy *xz ly z  l yy
L2 20 >1000 >1000
L3 39 283
L5, o r  L2 42 138
Ll  ’ L6 42 19
L4 44 80
K or Lj- 65 175
LP  L6 67 10
84 125
88(1 175 .
100 15
150 14
204 10
266 6
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FIG U R E  5 . 15 L ib r a t io n a l m o d e s  o f th e  2 HC 4 O4  * d im e r f in  
p o ta s s iu m  h y d ro g en  sq u a r a te  m o n o h y d ra te  a c t iv e  in  R am an  
s c a t te r in g ,  fo r m e d  fr o m  tr a n s la t io n s  (L ^ to  L 3 ) and l ib r a t io n s  (L 4  to  L^) 
o f th e  HC 4 O4  u n its  about th e ir  c o m m o n  c e n tr e  o f  in v e r s io n .  T h e s e  
s y m m e tr y  m o d e s  w il l  c o m b in e  to  fo r m  th e  n o r m a l m o d e s  o f  th e  d im e r ,  
and fu r th e r  co m b in e  to  fo r m  n o r m a l m o d e s  o f th e  c r y s t a l  o f  th e  
tw o s p e c ie s  A g and B g .
Hiis is  therefore  a fo rtu itous o r accidental degeneracy o f  two 
bands. That in  p o la risa tio n  Ixz w il l  be e ith e r  L^, o r possib ly  a 
version o f in  which the two diiners move against each o ther.
The hindrance <would ra ise  the force constant fo r dimer l ib  ra tio n  
by a fac to r o f  four i f  th is  were so. The band a t  42 cm o f 
p o la risa tio n  1 ^  w il l  be a mixture o f and L^. Only one band 
o f symmetiy I is  required , so th a t a t 44 cm** is  a l lo t te d  to  L. * 
The a lte rn a tiv e  choice o f co rrect p o la risa tio n  fo r  is  a t 65 cm
F inally  the second combination o f and is  a llo t te d  to  the 
band a t  67 cnf^.
These assignments conveniently leave s ix  bands a t  the 
higher frequencies fo r  the  s ix  centrosyrametric (gerade) modes of 
the four potassium atoms in  general positions of the u n it c e l l .
However, under c ry s ta l symmetry, t ie se  s ix  modes should be
3A + 3B_-(as fo r  the dimer modes) whereas the tab le  ind icates 
© &
2Aa + 4B . ,  This c e rta in ly  makes t i e  whole basis  o f these l a t t ic e
o o
assignments so f a r ,  less p lau s ib le . I t  is  not d i f f ic u l t  to  
redeploy t i e  band a t 65 cnf ^  (which was a second dioice fo r  L^) 
s o .th a t  i t  becomes the th ird  potassium A band. I t  i s  le ss  easy
_  o
to  lose a band from t i e  B group; b u t i t  would seem th a t  one o f
§ * 
the remaining bands in  I .,, p o la risa tio n  is  not required in  th is
Yz - i  .
analy sis , I t  may indeed be th a t t ie  weakest band a t 266 cm is
the only detectable mode involving motions o f the water molecules , 
V(d) General Conclusions on KHC^O .^l^O
Hie sing le  c ry s ta l work surveyed here ind icates how the
spectrum o f a  squarate ion i s  perturbed by being hydrogen bonded
to  a second squarate ion in  the u n it c e l l .  A more complete
knowledge of the c ry s ta l s tru c tu re  has enabled a correspondingly
more complete explanation o f the spectroscopic features than was
reported  by Thackeray and Shirley  (1972). By in te rp re tin g  the
5spectra  as those of a dimer, o f pseudo-symmetry » bmm,
assignment o£ nearly  a l l  observed bands has been possib le , from
la t t ic e  modes a t 20 cuf ^  to  the C -  0 s tre tc h  o f  h ighest
frequency a t  ca. 1800 cnf*. There seems to  be l i t t l e  evidence
th a t the  bands are doubled by the presence o f the duplicate
’d in er’ in  the u n it c e l l ,  except possibly  a t  l a t t ic e  frequencies 
-1below 100 cm . The Fermi resonance-like explanation o f  Evans 
is  advanced to  explain the presence o f ’windows’ , which appear 
in  the in fra red  spectrum superimposed on the broad background 
absorption commonly a ttr ib u te d  to  hydrogen bonding.
Chapter VI
SQUARIC ACID
VI (a) C rystal S tructure (Shirley and th is  author)
No information on the c ry s ta l s tru c tu re  o f th is  compound 
appears in  the l i te ra tu re  p r io r  to  the paper by Semmingsen (1973). 
Squaric acid , o r as i t  is  properly ca lled  dihydroxycyclobutene-* 
dione, i s  supplied as a powder by chemical supp liers , bu t the 
c ry s ta ls  can be grown e as ily  by evaporation from water so lu tio n . 
Powder m aterial was dissolved in  bo ilin g  d i s t i l l e d  w ater, in  
which i t  is  read ily  so lub le , and the so lu tion  allowed to  cool.
The sa tu ra ted  so lu tion  was decanted from the excess s o l id ,  and 
warmed to  redisso lve any remaining c ry s ta ls . Natural evaporation 
allowed w ell formed c iy s ta ls  to  develop from the bottom o f  the 
beaker* Only one h a b it was observed, th a t o f s l ig h tly  f la tte n e d  
(oblate) octahedra, and the sm allest c ry s ta ls  were o p tic a lly  
c le a r  and co lourless. The c ry s ta ls  cleaved read ily  eq u o to ria lly , 
i . e .  a t  r ig h t angles to  th e i r  4-fo ld  ro ta tio n a l ax is.
The density  o f  some o f the re c iy s ta l l is e d  m ateria l a f te r  
crushing was determined by th is  author by the f lo ta tio n /re f ra c tiv e  
index method o f Shirley  (1967) * An i n i t i a l  density match was 
obtained to a mixture o f xylene and bromoform, thd re fra c tiv e  
indices being measured on an Abbe refractom eter a t  25°C. A c lo se r
Table 5.13
n p (gm/ml)
xylene
mixture
bromoform
1.4950 0.863 
1.5449 1.878 
1.5947 2.890
deteim ination was then made by f lo ta t io n  o f more c ry s ta l frag- 
ments in  a mixture o f  iodobenzene and dibromoethane a t  22J°C.
Table 5.14
n p
iodobenzene
mixture
dibromoethane
1.6145 1.8159 
1.5926 1.9180 
1,5377 2.1750
A lin e a r  in te rp o la tio n  was taken in  both cases* I t  w ill  
be seen th a t the c lo ser estim ation was about 2% h igher than the 
coarse determination*
Shirley  (p rivate  communication) obtained the following c e l l  
constants from a c ry s ta l mounted in  the precession camera:
a * 6*126 (±*012), b « 6*126 (±.012), c = 5.256 (±.015)
Angstrom
and reported th a t the c e l l  appeared to  be tetragonal and o f space 
group I4/m. On th is  basis he calcu lated  th a t  there were two 
molecules o f squaric acid  in  the u n it c e l l ,  and th a t w ater was 
absent. His calcu lated  density  from th is  data was p « 1.9201, 
veiy close indeed to  the measured value o f 1*9180. The apparent 
fourfo ld  symmetry observed both o p tic a lly  and with x-rays , and 
the easy cleavage a t  r ig h t angles to  th is  ax is , suggested a 
l a t t ic e  conprised o f  p a ra lle l  sheets o f squarate ions w ith the 
molecules disposed on a square l a t t i c e  w ith in  each sheet* The 
x-ray in te n s it ie s  suggested a ro ta tio n  o f the acid  u n it about 
the fourfo ld  axis re la tiv e  to  c ry s ta l and ^  d irec tio n s.
In order to  check th is  inference and to determine the amount 
of ro ta tio n , th is  author drew a sing le  u n it  o f  on a white 
card in  black ink and requested the preparation  o f  microphoto
copies on high co n tra st film  (University o f Surrey A.V.A.). A 
number o f these were in se rted  in to  the o p tic a l d iffractom eter 
assembled by th is  author (asodescribed in  Chapter I I )  and the 
transforms inspected v isu a lly . Photographs o f the b est defined 
o f these were taken in  Hg 546 nm lig h t  on a fine  g rain  negative 
film  a t  various exposures. F in a lly , a su itab le  example o f 
these negatives was enlarged to  a  f in a l  transparency, ca lcu la ted  
to  be o f the same scale  as the x-ray  d iff ra c tio n  records obtained 
by Shirley . The two kinds o f record (see Figures 6.1 and 6.2) 
were f i t t e d  together, and ro ta ted  re la tiv e ly  u n t i l  the strong 
x-ray re fle c tio n s  appeared through the more transparen t p a rts  
o f  the o p tic a l diffractogram , A number o f  estim ations showed 
the re la tiv e  o rien ta tions to  be 221° ± 1°.
This author then drew a centred p ro jec tion  o f  the expected 
s tru c tu re  (Figure 6.3) and microphotographs were prepared fo r 
him as before* Again the b est o f the s e t  was used in  the o p tic a l 
d iffractom eter to  obtain a number o f photographs o f  the tran s­
form, and se lec ted  examples again enlarged to  the th e o re tic a lly  
co rrect s iz e . Although the gain o f co n trast through the copying 
process somewhat d is to rte d  the in te n s ity  d is tr ib u tio n , i t  was 
found th a t there was an excellen t match between o p tic a l (see 
Figure 6*5) and x-ray transform s. A s l ig h t  d ifference in  sca le  
was in  fa c t observed, bu t i t s  cause was no t sought. The gross 
s tru c tu re  o f the m ateria l was therefore  taken to  be as in  the
o p tica l model. 0 ----- 0 distances between adjacent acid  molecules
appealed to  be about 2|A, fo r  l ik e ly  dimensions of the molecule.
Subsequent s ing le  c ry s ta l work by Shirley provided a 
Fourier map o f e lectron  density , and showed th a t  the c e l l  was no t 
in  fa c t body centred. The new space group was in fe rred  to  be 
P42/m. There was also evidence o f su b s tan tia l d iso rder, although 
the s tru c tu re  was not g rea tly  improved by any sub trac tion  o f a 
possible  twin o f  the proposed s tru c tu re . The molecular u n its  did 
appear s t i l l  to  l i e  in  plane shee ts , but the carbon ring  was
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F I G U R E  6.1 ( a b o v e )  hkO s e c t i o n  of  the  r e c i p r o c a l  l a t t i c e  
o f  s q u a r i c  a c i d  ( S h i r l e y ,  p r i v a t e  c o m m u n i c a t i o n )  
F I G U R E  4*2 (b e lo w )  O p t i c a l  t r a n s f o r m  of a  s i n g l e  s q u a r a t e  
s k e l e t o n  r o t a t e d  to  f i t  t h e  x - r a y  s e c t i o n  a b o v e  ( T h a c k e r a y )
F I G U R E  6 , 3  P r o j e c t i o n  o f  p o s t u l a t e d  I 4 / m  s q u a r i c  a c i d
s t r u c t u r e ,  w i th  m o l e c u l a r  o r i e n t a t i o n  d e d u c e d  f r o m  t h e  o p t i c a l
1 ' d i f f r a c t i o n  r e s u l t s  o b t a i n e d  by  u s i n g  a  m a s k  r e p r e s e n t i n g  a  
s i n g l e  m o l e c u l e .  D a s h e d  l i n e s  r e p r e s e n t  t h e  h y d r o g e n  b o n d s
f
l i n k i n g  th e  f o u r  m o l e c u l e s  p o s i t i o n e d  a t  th e  l a t t i c e  p o i n t s .
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F I G U R E  6 . 4  ( a b o v e )  hkO s e c t i o n  of  the  r e c i p r o c a l  l a t t i c e  
o f  s q u a r i c  a c i d  ( S h i r l e y ) ,  p r i v a t e  c o m m u n i c a t i o n )  
F I G U R E  6 . 5  (b e lo w )  O p t i c a l  t r a n s f o r m  of  a  l a t t i c e  of  
o r i e n t a t e d  s q u a r a t e  u n i t s  p r e p a r e d  f r o m  t h e  d r a w i n g  o f  F i g . 6 3
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ro ta ted  by a noticeably  d iffe re n t angle (25°) to  th a t o f the 
oxygens (20°). The mean was close to  th a t determined o p tic a lly  , 
as expected. The chosen space group enforced a 2/m syranetxy on 
the molecule as depicted in  the Fourier map, and th is  appeared 
to  be acceptable as f a r  as oxygen positions were concerned. The 
carbon positions were however i l l -d e f in e d , though there was no 
reason to  an tic ip a te  large thexmal motions o f these atoms.
Hydrogen positions could no t be found,
VI (b) C iysta l S tructure (Semmingsen)
Independent work by Semmingsen (1973) provided a more exact 
p ic tu re  of the squaric acid s tru c tu re . Though h is  complete 
report i s  not y e t in  pub lica tion , h is  note ind icates th a t he 
found twinning in  a l l  but one c ry s ta l he examined, This one 
c ry s ta l provided x-ray data pointing unambiguously to  a space 
group P2j/m, while h is  monoclinic u n it c e l l  has fo rtu ito u s ly  
(S = 90°, and a -  6,129(3), fa » 5.273(2), c -  6.140(3) Angstrom.
I f  one assumes th a t the twinning he ofaserved i s  by 90 ,
ro ta tio n  around b , then the pseudo-fourfold s tru c tu re  o f  Shirley  
and th is  author is  immediately generated. Figure 6.6 i s  a 
p ro jec tion  o f  SenBidngsenfs published s tru c tu re , asseBfoled by 
th is  author from the data Semmingsen gives* Assuming th a t  th is  
author has in te rp re ted  Semmingsen co rrec tly  , the acid  u n its  now 
have only true  m irror symmetry, although th e i r  shape confers on tha  
a po in t symmetry not f a r  from C2V« Arrangement in  p a ra l le l  
sheets is  as was deduced in  the previous sec tio n , and the  assumed 
hydrogen bonding w ithin  each sheet was confirmed, w ith an 0 —  0 
distance o f 2.55 Angstrom.
Thus i t  can be deduced th a t the two acid  molecules ^ in each 
u n it c e l l , being in  d iffe re n t sh e e ts , are only very weak^^coupled 
to  each otlier. They are re la te d  to  each o ther not only by the 2- 
fo ld  screw ax is , but also  by the inversion centre which l ie s
FIG U R E  6 .6 S tr u c tu r e  o f  sq u a r ic  a c id  fr o m  th e  d a ta  o f
S e m m in g se n  (1 9 7 3 ) . T h is  p r o je c t io n  dow n b  sh o w s h ow  th e  tw o  
m o le c u le s  a r e  r e la te d  in  the u n it c e l l  by the d iad  s c r e w  a x e s  and  
the c e n tr e  o f  in v e r s io n .  T he r a f ts  o f  h y d ro g en  b on ded  a c id  
m o le c u le s  l i e  in  m ir r o r  p la n e s  p e r p e n d ic u la r  to  b  .
between them. On the o ther hand, fo r  k * 0 phonons in  the  l a t t i c e ,  
the hydrogen bonding is  equivalent to  coupling together each p a ir  
o f opposite oxygens in  the squarate skeleton w ith an e x tra  force 
constan t, thus leaving the foimula u n it e s se n tia lly  monomeric as 
f a r  as i t s  spectroscopy is  concerned.
VI (c) Spectroscopy o f  Squaric Acid (Baglin and Rose)
Both in fra red  and Raman sp ec tra  o f  squaric acid were 
reported by Baglin and Rose (1970) . In addition to  room temp­
era tu re  sp ec tra , they recorded the in fra red  spectrum a t  77°K.
An in fra red  spectrum o f the deuterated compound, and a Raman 
spectrum o f a dimethylsulphoxide so lu tion  were also obtained.
For the Raman spectrum o f the s o lid , p o ly cry sta llin e  powder was 
used, but the samples fo r  in fra red  absorption were produced by 
sublimation in  vacuo onto caesium iodide p la te s . They do no t 
mention whether they sought o r found any o rien ta tio n  e ffe c ts  in  
the sp ec tra , nor do they appear to  have examined the o rien ta tio n  
o f th e i r  sublimed film s.
Their in fra red  spectra  show broad absorption bands o f  high 
density , a ttr ib u te d  to  the e ffe c t of strong hydrogen bonding.
On th is  as background are superinposed weak and ra th e r  i l l -d e f in e d  
bands o f more conventional w idth. These are sharper and stronger 
in  the spectrum taken a t 77°K; and indeed th is  i s  the  only 
reasonable looking spectrum of those reproduced in  th e i r  paper.
The Raman spectra  have a poor sig n a l to  noise r a t io ,  though some 
o f the bands are sharp and w ell defined. The weakest Raman 
bands re fe rred  to  by Baglin and Rose seem to  be completely lo s t  
in  the no ise . They do not seem to  have noticed  th a t  th e i r  low 
temperature in fra red  spectrum appears to  contain a ’window* a t  
about 1200 an*"*■.
Their analysis is  based on the assumption of C2V symmetry 
fo r  the molecule, which fo r  the carbon-oxygen skeleton is  approx-
im ately tru e , as the-work o£ Semmingsen (1973) shows. T heir 
reasons fo r  believ ing  th is  to  be so are :
(1) That the  molecules are hydrogen bonded in to  
chains.
(2) That a sheet s tru c tu re  would force the 
hydrogen atoms out o f the molecular plane.
As has been seen in  the previous section  o f th is  chapter, 
n e ith e r  (1) nor (2) is  c o rre c t, as the molecules are ac tu a lly  
bonded in to  shee ts , and the hydrogen atoms appear to  be in  the  
plane o f  the sheet. In th e ir  assignments they acknowledge the 
use o f re su lts  obtained by o ther workers, such as Nakamoto e t  a l 
(1965) on the acid male ate  ion*
The tab le  o f  observed frequencies found by Baglin and Rose 
contains 24 e n tr ie s  which they assign to  fundamental modes o f 
the  molecule. The observed frequencies in  Raman and in  in fra re d  
generally  d i f f e r  by a few wavenunibers. Though they r ig h tly  po in t 
out in  the te x t th a t  in  the absence o f  s tru c tu re  inform ation, one 
cannot be sure how band doubling o rig in a te s , they are more 
p o sitiv e  in  the a b strac t th a t  th is  is  due to  fa c to r  group s p l i t t ­
ing. However, i t  is  possib le  th a t  they misunderstood the s i tu a tio n  
here , since i f  the assumed poin t group o f the molecule i s  C ^ ,  . 
then there  would presumably be no degeneracies to  be resolved by 
the c ry s ta l environment. Or possib ly  they may have meant th a t 
free  ion (D^) degeneracies were s p l i t  by a c ry s ta l s i t e  group 
o f C2v. With h indsigh t i t  i s  possib le  to  see th a t the l a t t e r  a t  
le a s t  is  approximately tru e , and th is  and the lack o f  tru e  Raman/ 
in fra red  coincidences w ill  be discussed in  the following sec tion .
Baglin and Rose nunber th e i r  fundamentals in  order o f  in creas- 
ing frequency s ta r tin g  w ith  in  the Raman spectrum a t  241 cm . 
Tentative descrip tions o f the modes and th e ir  symmetry species are
given. There are no sketches o f the envisaged motions, bu t the
-1lowest frequency inodes to  v^q, ly ing below 860 cm , were a l l  
assigned by reference to  the work o f I to  and West (1963) on the 
squarate ion. Ten o f  the observed bands were a ttr ib u te d  to  
overtones and combinations o f  the fundamentals* Since th e i r  
experimental work lacks the data  on p o la risa tio n  th a t would 
unanbiguously define the symmetry species o f an observed band, 
i t  was perhaps courageous o f  Baglin and Rose to  attempt the 
assignments o f a l l  24 fundamentalsmodes* In the circumstances i t  
is  hardly su rp rising  th a t they did not add itionally  embarrass 
themselves by attem pting to  describe the normal co-ordinates 
involved in  any d e ta il .
VI (d) Spectroscopy o f Single C rystal Squaric Acid (th is  author)
I n i t i a l ly ,  samples o f the commercial powder, o f varying 
c ry s ta l s iz e , were used to  obtain Raman spectra  and, a f te r  
mulling in  Nujol, in fra red  sp ec tra . The in fra red  sp ec tra  
(e .g . Figure 6.7) sub jective ly  appeared to  be a l i t t l e  b e t te r  
than those o f Baglin and Rose, no doubt because the sample 
thickness could be varied e a s ily .
To obtain  improved Raman sp ec tra , la rg e r c ry s ta ls  were 
grown, as fo r  the crystallograph ic  work already described, by 
slow na tu ra l evaporation from aqueous so lu tio n . The b e t te r  
formed c ry s ta ls  were iso la ted  and grown on separa te ly  to  la rg e r 
s iz es . This f a c i l i ta te d  the production o f s a tis fa c to ry  p o la rised  
Raman sp ec tra , since the la rg e r  c ry s ta ls  afforded a la rg e r  
sc a tte r in g  volume. However, the la rg e s t grown c ry s ta ls  a l l  
■shaved'some degree of in te rn a l v e ilin g , whereas small c ry s ta ls  
were generally  very c lear o p tic a lly . A dditionally  the large  
c ry s ta ls  tended to become opaque in  the course o f a few months, 
whereas small c ry s ta ls  s t i l l  appeared transparen t.
Two o f the la rg e s t c ry s ta ls  were se lec ted  from those 
availab le  with le a s t  v e ilin g , and f l a t s  were ground onto the

oblate  apices o£ one, to  sim ulate cleavage planes normal to  the 
then supposed four-fo ld  crystallograph ic  ax is . A fter po lish ing  
the new fa c e ts , th is  allowed the la s e r  beam to  pass s tr a ig h t  
through the c ry s ta l undeviated by re fra c tio n , and along the 
(monoclinic) b axis o f the c ry s ta l and i t s  in d ic a tr ix . The 
second c ry s ta l had f la t s  cut on the equato ria l apices in  the 
same fashion to  allow an a lte rn a tiv e  o rien ta tio n  in  the Raman 
spectrom eter. Spectra were obtained fo r  a l l  e igh t p o la risa ­
tions possib le  and p a rt o f the raw data  i s  l i s te d  in  Table 6 .1 . 
Typical Raman spectra  o f a sing le  c ry s ta l appear in  Figures 6.8 
and 6 .9 .
A dditional data appearing in  Table 6.1 was obtained from 
fa r  in fra red  spectra  (Figure 6.10) o f  Nujol mulls on -two 
d iffe re n t in terferom eters, and from Raman spectra  o f a poly- 
c iy s ta ll in e  deuterated sample prepared by re c ry s ta l l is a t io n  from 
D2O so lu tion . Deuteration appeared to  be incomplete, but care- 
fu llin te r-co n p ariso n  o f spectra  enabled the stronger bands o f  
the * deutero-compound' to  be id e n tif ie d  with adequate c e r ta in ty .
In the case o f say a tw o-thirds deu teration , the sample would 
ac tu a lly  co n sis t o f c ry s ta ls  containing 11% o f the HH compound 
and*44% each o f the HD and D2 compounds, probably d is tr ib u te d  
randomly throughout the c ry s ta l l a t t ic e .
VI (d) (1) In te rp re ta tio n  o f the Spectra
I t  w ill  be reca lled  th a t the two molecules in  the u n it  c e l l  \ 
are not d ire c tly  banded together. Hence the s p l i t t in g  a ris in g  
from inphase and antiphase motions is  l ik e ly  to  be qu ite  sm all.
As the two molecules have a centre o f symmetry lying between them, 
in  phase motions w il l  be Raman ac tiv e , and antiphase motions w il l  
be in fra red  active . These two suppositions are coupletely con- : 
firmed by the sp ec tra , as a glance a t  Table 6.1 w ill  show. Nearly 
every mode occurs in  both in fra red  and Raman spec tra , and there  
i s  usually  a small frequency difference between the two.
Table 6.1
V ibrational Frequencies o f Squaric Acid in  cnT^ t together with 
Raman in te n s i t ie s  and suggested assignments (free ion mode numbering)
R am an F r e q u e n c ie s - c m " 1 Raman In te n s it ie s CH2)
S)H In frared V
Ixy V z *xz
88 ■ 5 ' 3 2 1!
ca 100 w
124 w
146 152 10 10 90 84
ca 161
' ' 4 4 44
39
238 v4 242
268 ev
.
235 s .v b r.
260 w.sh.
24 141 61 61
299 v14 310 M 310 m 
380 w.sh.
8 6 ; : 1 ; f 1
373 v6 385
445
543
388 s .b r . 62 31 18 17
V11 , 631
one component f 
has A2 symmetry 0 0 12 16
628 v10 638' ■ 632 46 54 13 16
729 v2 730 720 73 39 19 18
967
849
924
1084
!
v13
f  1052 
[  1062
1047 w 
1057 w
43
14
54
61
141 12l] a t  
/h ig h e r 
-  J  gain
j 1102
1.1|
v5 1176 1164 w 22 17 6 7
1161 sh
vio +vn 1238 vw
1227 sh 2vn  1259 sh
1241 v9 , v]2 1295 1300 v s.vb r. I < I ryy *y
1451 v12 1517 1510 m.br. V
* 1589
v12> v9 1617 1640 m.br. lyy  < V
vx 1819 1800 s .b r . I  > Iwyy xy
OH 2400 w s .
* see te x t fo r  assignment
oo
o
o
- o
vO
on
o
CO
o
oo
o
vO
•<35
o
.0
oo"vO'00
oo
00
00
00
oo■O

Zj
nZ
2
oo
oor oco o oCO oin' o"cr oCO oCN
CO
o
CN
CO
O I : 
OJ *=r
°  ^  O <CJ >
o
CO
o
CN
o
o
CO
ooOJoCO ooCO oCOoo
IWinning by 90° ro ta tio n s  about b in  the  c ry s ta l should 
lead  to  a complete loss o£ id e n tif ic a tio n  o f a and c d irec tions 
so f a r  as spectroscopy is  concerned. These are compounded in to  
the instrum ental d irec tions x and y in  the spectra* and i t  could 
be seen from the Raman in te n s it ie s  th a t in  one c ry s ta l the 
in te n s it ie s  I„_ and I  . were s im ila r , whereas in  the o ther c ry s ta lAZ YZ
they d iffe red  by a  fac to r  o f about tw ice. Thus, even in  large  
c ry s ta ls , there appears to  be a  considerable v a r ia b il i ty  in  the 
amount o f twinning*
VI (d )(2) Fundamentals 600 cnT^ to  1200 cnT^
I t  is  to  be expected th a t the shortening o f  one o f the 
C -  C bonds in  the molecule would resolve the degeneracy o f any 
degenerate C -  C s tre tc h  mode. This is  seen spectroscopically  
in  the case o f the band th a t corresponds .to 'th e  free  ion modes 
which here i s  s p l i t  by some 10 a if*  in  both Raman and in f ra ­
red. Although there  are s ig n if ic a n t in te n s ity  d ifferences fo r  
the d iffe re n t p o la risa tio n s , the reasons fo r th is  would be 
d i f f ic u l t  to  unravel on account of the o rien ta tio n a l mixing due
to  twinning. There is  l i t t l e  doubt o f the assignment o f the
-1 — 1 four bands 1047, 1057 cm in  the in fra red  and 1050, 1060 cm
in  the Raman to  as they l i e  not f a r  from the corresponding
bands in  the two s a l ts  stud ied , and there  are no o ther l ik e ly
contenders in  the C -  C s tre tc h  region o f the in fra red . As f a r
as Raman a c tiv ity  is  concerned the mode* should be of species
A^  + B2 under the C2V symmetry of the 5quarate skeleton and A^
under the  C2^ fac to r group o f the c ry s ta l. Thus the observed
strongest p o larisa tio n s of I and are in  concord w ith the
assignment.
The o ther five  modes in  th is  p a rt o f the spectrum correspond
to  V2, v5, Vy, Vg, v^q and in  the free  ion. The frequencies
o f  the Raman bands in  squaric acid  appear a t  very s im ila r
—1frequencies, w ith the band a t 631 cm being without doubt th a t
corresponding to  v ^ ,  since i t  i s  active  p rin c ip a lly  in  Ixz and 
I .  This is  fo rtu n a te , since i t  i s  veiy close in  frequency to
y* -1the strong band a t  638 cm , which by v ir tu e  o f having s l ig h tly  
h igher in te n s ity  in  r  than 1 ^  Bust be v1Q. The band s trongest 
in  I is  a t  730 cm , and the weaker one a t  1176 cm is  v^. 
Both \>2 and have obvious in fra red  counteiparts a t  proximate 
frequencies. Despite the en try  in  Table 6 .1 , there is  no 
p o s s ib il i ty  o f te l l in g  from the data availab le  whether the in fra ­
red  band a t  632 cnf i s  the counteipart o f o r o f v ^ .  This 
i s  a m atter th a t  could in  p rin c ip le  be s e t t le d  by in v estig a tin g  
the d irec tio n  o f the v ib ra tio n a l tra n s it io n  moment with p o larised  
in fra red  rad ia tio n , since is  an in-plane mode while is  
out o f plane. One o f the two degenerate components o f is  o f 
species A2 under C2V symmetry and therefo re  inac tive  in  the 
in fra red .
VI (d)(3) Fundamentals above 1200 aiT^
« 1
Above 1200 cm l ie  the C -  0 s tre tch in g  v ib ra tio n s , and in  
the Raman spectrum o f squaric acid  these bands are broad, and 
th e ir  peak in te n s ity  is  correspondingly low. This made i t  
d i f f ic u l t  to  d istingu ish  one from another, although the changes 
in  re la tiv e  in te n s it ie s  fo r  d iffe r in g  p o la risa tio n  was o f  some 
help here . A dditionally the corresponding bands in  the in fra re d  
were re la tiv e ly  easy to  id en tify  and assoc ia te . Since there  is  
no dim erisation in  th is  s tru c tu re , the task  o f assignment should 
be re la tiv e ly  straightforw ard . Any convincing in te rp re ta tio n  o f 
the bands in  the C -  0 s tre tc h  region should acknowledge, as in  
the acid  s a l t ,  the e ffe c ts  o f  changed e n ti ty  symmetry. Here in  
the acid  i t  becomes C2V as a consequence of the formation o f a 
stronger bond between two o f the carbon atoms and the d isparate  
lengths o f the C -  0 bonds. Two o f  these bonds are now longer 
than the o ther two, and in  consequence can be expected to  have 
sm aller force constants. In any normal modes o f the acid  mole­
cule in  which mainly the two long bonds are s tre tch ed  one can
therefore expect a low v ib ra tio n a l frequency”; and conversely
fo r  the sh o rt bonds one expects a high v ib ra tio n a l frequency.
■ ,
Returning now to  the Raman spectrum, 1617 cm is  almost high 
enough to  be the c h a ra c te r is tic  group frequency o f a C = 0
■ ■ - ibond, while 1295 cm is  almost low enough to  be the character­
i s t i c  group frequency o f a C -  0 bond. Two such modes can be 
formed from combinations o f the normal co-ordinates o f the mode 
Vg and the 3^ mode o f v ^ .  Between the- two Raman bands a t  
these frequencies l ie s  one a t  1517 cnf* involving a co-operative 
s tre tc h  o f both long and sh o rt bonds, such as the component 
o f v^2* C learly  th is  i s  not much perturbed in  frequency, even 
though i t  may in  fa c t be allowed to  in te ra c t w ith and V2 under 
the lowered symmetry. These three assignments are supported by 
the Raman p o larisa tio n s observed. The co rre la tio n  may be 
tabulated thus :
Table 6.2
Raman Infrared
U1 -------- Ax OfY) 1819 (1) 1800 (5)
V91 p - B2 POD
1617 (4)+(3) 1640 (7 )- (8)
" > a 1 onr) 1517 (2) 1510 (6)
v12- m 1295 (3)-(4) ca. 1300 (7)+(8)
The mutual repulsion of the two B2 modes is  more c le a rly  seen here 
than in  the acid  s a l t ,  due to  the lack o f conplication  in  the 
absence o f d im erisation; and the Raman and in fra red  frequencies 
are here close to  each other. This a p a rt, the mixing o f Vg and 
is  the same as occurs fo r modes (7) and (8) in  the acid  
squarate studied. For convenience in  mode v isu a lisa tio n  the mode 
numbers from Figure 5.14 have been added to the tab le  above.
In the Raman spectra  the band a t  1259 cnf^ (and the in fra red  
■ -1band a t  1238 cm ) may w ell deserve the same explanation as was 
given in  the case o f the acid s a l t ,  namely th a t these are overtones 
and combinations o f v^q and v^ .
-1VI (d )(4) Fundamentals below 600 cm in  Squaric Acid
There is  l i t t l e  doubt as to  the assignment o f the out o f 
plane C -  0 bend v^. As the oxygens move together there  w il l  
only be a second order deformation o f the hydrogen bond, and the 
frequency should no t d if f e r  much from i t s  counterpart in  the 
*free’ ion. In fa c t a t  235 cm"^ i t  i s  s l ig h tly  lower. The 
inplane bends can here be assigned b lind ly  in  the same order as 
before , but i t  w il l  be seen from Table 6.1 th a t the suggested 
assignments ac tu a lly  transpose and in  frequency order.
This i s  contrary to  the ind ica tion  given by I to  and West fo r  the 
free  ion , bu t i t  does have the advantage of susta in ing  strong 
in  Raman sc a tte r in g  and weak, which is  f e l t  to  be ra tio n a l. 
The ju s t i f ic a t io n  fo r  the increased frequency o f  in  th is  
s i tu a tio n  is  sinp ly  th a t in  th is  mode the oxygens have a contrary
motion which d ire c tly  s tre tch es  the hydrogen bonds. The r a t io
( 30012-^j-] « 1,63 fo r  th is  to  be so,
-1The p a ir  o f  bands a t  152 and 161 cm which are no t
properly resolved in  the spec tra  a re , from th e i r  p o la r isa tio n ,
the gerade out o f  plane l ib  rations o f the two molecules in  the
u n it c e l l .  The pseudo tetragonal symmetry is  responsible fo r
the near degeneracy o f the two. The in-plane l ib  ra tio n  cannot
be assigned w ith any c e rta in ty  , but i t  may w ell be the band a t  
-188 cm ♦ I t  is  c e rta in ly  veiy weak compared with the out o f 
plane l ib ra tio n s ; but there i s  no reason why the p o la ris  i b i l i t y  
e ll ip so id  should not be almost c irc u la r  in  cross sec tion  normal 
to  b , and hence jgive very l i t t l e  change in  p o la risa tio n  on 
ro ta tio n . For th is  reason is  un like ly  to  be detectab le 
although symmetry allows i t ,  b u t i t s  overtone may appear in  the 
1600 cm region.
VI (d) (5) Assignments o f Non-Fundamentals
A small number o f bands have no t been assigned to  funda­
mentals, None o f them has any convincing o rig in , but those a t 
1238, 1259 and 1295 cm"'*' are suggested to  be overtones and
combinations of v^q and .v-^ and v^, whereas 1589 cirf * may be a 
very anharmonic (Av « 28) o r an overtone o f Vy
V I(d)(6) Deuteration S h ifts
These probably re la te  mainly to  HDC^ O^  as even in  the b est 
o f the Raman spectra  the streng th  o f the new bands had by no 
means overwhelmed the old ones. Below 800 cm~  ^ the s h if ts  are 
t r i v i a l ,  amounting to  no more than 4% as Table 6.1 shows. At 
h igher freq u en c ie s  the spectra  change su b s ta n tia lly .
The C -  C s tre tc h  band Vr a t  1176 cm disappears and is  
replaced by a s im ila rly  sharp band a t  1084 cm ... I t  is  not a t  
a l l  c le a r  why deuteration  should modify th is  mode so d ra s t ic a l ly , 
and ye t so l i t t l e  a ffec ts  ; and i t  may be f e l t  th a t th is  casts  
a doubt upon the o rig in a l assignment o f th is  band to  the mode. 
I t  is  possib le  o f course th a t some other mode from the severa l 
th a t l i e  a t  h igher frequencies is  sh if te d  by deuteration  to  the 
same frequency, and by a Ferm i-like resonance repels the o rig in a l 
mode ana robs i t  o f i t s  in te n s ity . An a lte rn a tiv e  explanation is  
developed in  Chapter VIII.
I t  i s  more reasonable th a t the C -  0 s tre tc h  modes are
sh if te d  by a su b s tan tia l amount. In the case o f the change
in  reduced mass on deuteration  could produce a 5% change in
—1frequency, i . e .  i t  would s h i f t  from 1517 to  1441 cm * The
deuterated band a t  1451 cm has therefo re  been assigned to  v ^ .
By a s im ila r s h i f t  the 1295 cnf* band s h if ts  to  1241 cnf*. The
« 1
band th a t appears a t  1102 cm seems to be Vr (1112 cm in  the  
neu tra l s a l t ) ,  and th a t a t  1084 cm may sim ila rly  be v ^ y  I t  
is  c le a r  from the ten ta tiv e  nature o f these re su lts  th a t a more 
complete deuteration  is  required before the s ig n if ic a n t bands 
can be id e n tif ie d , and usefu l conclusions drawn.
VI (e) B rief Conclusions on Squaric Acid
Hie spectra  o f squaric acid  appear to  f i t  the model 
suggested by the c ry s ta l s tru c tu re , o f  a centrosymmetrically 
re la te d  p a ir  o f molecules in  the u n it c e l l .  The complete 
hydrogen bonding broadens the spectrum in  the C -  0 s tre tc h  
region, bu t the fundamentals can be assigned without any o f  the 
d if f ic u lty  suggested by the work o f Baglin and Rose, Deuteration 
casts some doubt upon the assignment o f the mode th a t is  in  
the free  ion.
Chapter VII 
POTASSIUM HYDROGEN CARBONATE 
VII (a) C rystal S tructure o f KHCO^  (N itta  e t  a l ,  1954)
The s tru c tu re  o f potassium bicarbonate has been reported 
several times in  the l i te ra tu re  , w ith a ce rta in  amount o f d is ­
agreement. The various determinations were eventually 
co rre la ted  by N itta  e t  a l  (1954) and shown to  be compatible,
Ihese authors include a p ro jec tion  o f the s tru c tu re  down (mono- 
c lin ic )  b , together with a c ross-sec tional ou tline  o f a c ry s ta l . 
No o ther information is  given on c ry s ta l h a b it, Tne contents o f 
the u n it c e l l  are given as 4 u n its  o f the formula, the four 
bicarbonate ions being paired  in to  two centrosymmetric dimers.
The space group is  P2^/a. Unfortunately the drawing o f the 
atoms themselves in  the p ro jec tion  is  in  e rro r , as the g lide  
plane apparently f a i l s  to  r e f le c t  the molecular t i l t s .  As 
sketched by N itta  e t  a l the dimers are t i l t e d  out o f (40l) planes 
by about 10°, but both in  the same d irec tio n , The potassium 
atoms l i e  in  general positions in  the u n it c e l l ,  E xtinctions in  
po larised  l ig h t  l i e  approximately p a ra l le l  and perpendicular to  
the mean dimer plane,
VII (b) C rystal S tructure o f KHCOg (th is  author)
In order to c la r ify  v isu a lly  the physical re la tio n sh ip  
between the acid carbonate dimers in  the u n it c e l l ,  th is  author 
constructed a b a ll  and spoke model in  which the molecular t i l t s  
about a* are exaggerated fo r c la r i ty .  The atomic p o sitio n  data 
o f N itta  e t  a l  (1954) was used. The two dimers are screwed to  a 
perspex p la te  term inated with the 1041° $ angles o f the convention­
a l u n it c e l l .  As can be seen in  Figure 7*1, the potassium atoms 
have not been mounted, though th e i r  co-ordinates in  x and z are  
defined by four holes d r i l le d  in  the perspex p la te .
f K  
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F I G U R E  \  A m o d e l  of  th e  a c i d  c a r b o n a t e  d i m e r s  i n  a  
u n i t  c e l l  of  p o t a s s i u m  h y d r o g e n  c a r b o n a t e ,  b u i l t  to  th e  
d a t a  of  N i t t a  ( 1 9 5 4 ) .  T h e  u n i t  c e l l  i s  m o n o c l i n i c ,  s p a c e  
g r o u p  P 2 i / a ,  a n d  t h e ^3 a n g l e  c a n  be  s e e n  to p  l e f t .  T h e  
p o t a s s i u m  i o n s  h a v e  b e e n  o m i t t e d  f o r  c l a r i t y .  T h e  v i e w  
i s  a p p r o x i m a t e l y  d o w n  b , t h a t  i s  a l o n g  t h e  d i a d  s c r e w  ’ 
a x i s  t h a t  i n t e r c h a n g e s  t h e  d i m e r s .  E a c h  d i m e r  i s  c e n t r o  
s y m m e t r i c ,  a n d  t h e y  a r e  a l s o  i n t e r c h a n g e d  by  th e  g l i d e
o
a l o n g  a ( h o r i z o n t a l )
Next, in  o rder to  re la te  the known s tru c tu re  to  the ex ternal 
morphology o f c ry s ta ls  o f recognisable h a b it , c ry s ta ls  were grown 
and examined by x-ray d iffra c tio n . Many unsuccessful attempts 
were made to  grown c iy s ta ls ,  by both evaporation and by thermal 
gradient techniques, from solu tions sa tu ra ted  with carbon dioxide. 
U ltim ately, son© tab u la r c ry s ta ls  ca. 7ram across grew in  the 
bottom o f a beaker neglected fo r  some tin© in  a laboratory  cup­
board. A sketch o f  one o f  these appears in  Figure 7 .2 . The 
twofold ro ta tio n a l axis was determined by inspection , and the 
c ry s ta l cleaved in to  sections perpendicular to  th is  using a razor 
blade. Cleavage was not p e rfe c t but reasonably sa tis fa c to ry  
from the o p tica l poin t o f view. The cross-sec tion  did  in  fa c t  
resemble the ou tline  o f  the sketch by N itta  e t  a l and angles and 
ex tin c tio n  d irec tions appeared approximately as he had ind ica ted .
A complete c ry s ta l ,  and one o f the cleaved fragm ents, were 
separa te ly  mounted and four d iffe re n t rec ip rocal la t t ic e  sections 
recorded onto Polaroid-Land film  in  the precession camera. One o f 
these contained the h0£ re flec tio n s  and confirmed the choice o f b ,b* 
The o ther th ree  included an hkO sec tio n , and two others containing 
b* which could be indexed by means o f  a rec ip rocal l a t t i c e  diagram. 
I t  was concluded th a t the c ry s ta l was id en tica l s tru c tu ra lly  to  
th a t  u sed  by N itta  e t  a l .  Figure 7 .2 has therefore been annotated 
w ith the ex tin c tio n  d irec tions X and Z o f th e i r  diagram toge ther 
with an ind ica tion  o f  the dimer o rien ta tio n . These axes would be 
the conventional ones fo r  a dimer o f symmetry. Under ^ 2^ 
dimer symmetry the x axis is  the unique twofold ax is . Under 
c iy s ta l  symmetry the y axis i s  the unique twofold axis
VII(c) Raman Spectroscopy o f  KHCOg (Couture-Mathieu, 1950, 1954)
Couture-Mathieu (1950) reported the po larised  Raman spectrum 
of aisingle c ry s ta l , the bands in  the  region 80 -  1800 cnv^ being 
recorded photographically. No in d ica tio n  o f  c ry s ta l o r ien ta tio n
"1
FIG U R E  7 .2  A  m o n o c l in ic  tab u lar  c r y s t a l  o f  KHCO3  sh e w in g  
the in s tr u m e n ta l  a x e s  u s e d ,  and the o r ie n ta t io n  o f  the 2 H C 0 3 “~ 
d im e r  in the YZ p la n e .  The in s t r u m e n ta l  a x e s  a r e  a p p r o x im a t e ly
th o se  o f  the in d ic a tr ix ,  and Y c o r r e s p o n d s  to m o n o c l in i c  b .
Z e m e r g e s  through  a (201) fa c e  and X i s  p e r p e n d ic u la r  to  a
fa c e  that i s  e i th e r  (401) or (902) .
is  given in  th is  paper, and the p o la risa tio n  and ex tin c tio n
d irec tions re fe r  to  an unconventional choice o f c rysta llog raph ic
axes. I t  w ill  however be asse rted  by th is  author in  the next
section  th a t  the X and Z d irec tions o f her o p tic a l in d ic a tr ix
are those so lab e lled  by N itta  e t  a l  (1954). -For'some reason
she i n i t i a l l y  envisages the acid  ions as being hydrogen
bonded in to  chains as in  the sodium s a l t ,  though th is  is
corrected  in  the la te r  paper. In consequence her d iscussicn  o f
la t t ic e  inodes is  vague and im precise, and indeed she abandons the
task  a f te r  a few paragraphs. In te rn a l v ib rations are compared
with those of the normal CO^  ion in  c a lc i te , and the removal
o f  degeneracy discussed. The out o f  plane deformation band o f
the acid ion was not found, nor so f a r  as one can t e l l ,  sought
— 1in  the e a r l ie r  paper, but appears as a weak band a t  832 cm 
in  the l a t e r  one. The appearance o f bands such as a t  635 
and 676 cm” in  several p o la risa tio n s  was a ttr ib u te d  to a 20 
mean t i l t  o f  the ion , by ro ta tio n  about x with respect to  the  
c ry s ta l axes. This would appear to  follow'.from the more usual 
assumptions th a t the t i l t  o f the derivative  e ll ip so id  o f  p o la r­
is  i b i l i t y  o f the ion fo r a given mode o f  v ib ra tion  with respec t 
to  c iy s ta l  ex tinc tion  d ire c tio n s , o r  a  t i l t  o f  the observational 
axes s im ila rly , w ill  produce th is  e ffe c t as a consequence o f axis 
transformation* Ihe contribu tion  o f  o ther losses o f  symmetry are 
not investiga ted , bu t Couture-Mathieu does concede th a t • the 
perturbations o f  in te n s ity  are such th a t  one cannot understand 
the manner in  which the cessation  o f degeneracy i s  caused.”
No a tten p t was made to  extend the p ic tu re  with da ta  from 
in fra red  spectroscopy.
VII(d) In frared  Spectroscopy o f KHOO^  e tc . (Novak e t  a l ,  1963)
In an in fra red  study o f potassium, ammonium and sodium acid  
carbonates Novak e t  a l (1963) obtained absorption spectra  a t  
room temperature and a t  -180°C o f both KHCO^  and KDCO^ . Their
discussion s ta r ts  from a more complete knowledge o f the c ry s ta l 
s tru c tu re , and draws on the Raman re su lts  o f  Couture-Mathieu as 
w ell. Whereas the acid  carbonate ions in  the potassium s a l t  KHCO^  
are t ru ly  dimerised, those in  the sodium and ammonium s a l ts  
NaHCOg and NH^ HCO^  are hydrogen bonded in to  chains. Adj acent 
p a irs  o f ions in  the l a t t e r  case therefo re  form pseudo dimers 
in  the  u n it c e l l  so f a r  as fundamental o p tica l phonons are 
concerned, a po in t th a t was missed by Novak e t  a l .  The systems 
a lso  d if f e r  in  th a t the true  dimer o f KHCO^  is  centrosymmetric, 
while the pseudo dimers o f NaHCO^  and NH^ HCOg lack true  centres 
o f inversion , the two ions being re la te d  by a c ry s ta l g lide 
plane. In consequence the in te rn a l modes o f KHCO^  show both 
Raman and in fra red  bands a t  s l i g h t l y  d iffe rin g  frequencies; 
while in  NaHCOj bands such as the bands are redoubled, i . e .  
two in  Raman and two in  in fra red . The frequencies do no t qu ite  
match, bu t whether due to  experimental inaccuracy o r  to  the 
presence of the second dimer in  the u n it c e l l  is  not c le a r .
-1This study does no t extend to  modes o f  frequency le ss  than 600 an . 
Thus, although modes are sketched fo r  a s in g le  ion , those fo r  the 
dimers are no t required. I t  is  probably the lack o f a v isu a l 
civ© here th a t re su lts  in  fa ilu re  o f Novak e t  a l  to  draw a second 
usefu l conclusion on KHCO^  from a fa c t which they rep o rt as 
follows ( l i t e r a l  t ra n s la t io n ) : "Save fo r  the v ib ra tion  v9 , a 
d ifference of more than 20 cm (87 cm fo r  the v ib ra tio n  v5) 
appears between the p o sitio n  o f frequencies o f type A and those 
o f type Au (Table IV); the f i t  o f  the s i t e  group seems then 
sa tis fa c to ry ."  I t  so happens th a t v^ i s  the out o f plane mode o f 
the ion (see Figure 7. 3) , and th is  c le a rly  re su lts  in  sm all deform­
ations o f the hydrogen bonds whether the two ions in  the dimer 
move in  phase o r antiphase. Whereas Novak*s v5 is  a mode which 
d ire c tly  s tre tch es  the hydrogen bonds i f  gerade bu t doesn’t  do 
th is  i f  ungerade, hence the Raman frequency is  g rea te r than the 
in fra red . There i s  a s im ila r omission in  the discussion o f 
Nakamoto e t  a l  (1965), in  which much the  same ground i s  covered.
F IG U R E  7 .3
R A M A N  A C T IV E  IN T E R N A L  D IM ER  M O DES
ii
R A M A N  ACTIVE'; L IB R A T IO N A L  D IM E R  M O DES
VII (e) Spectroscopy o f Acid Carbonates ( th is  author)
A c ry s ta l o£ KHCOg, grown as described e a r l ie r ,  was mounted 
to  obtain  po larised  Raman spectra  w ith the la s e r  beam approx­
imately along Z o f Figure 7.2, The spectrom eter viewed along X. 
A dditionally , in fra red  absorption spectra  o f Nujol mulls o f 
KHCOg, NH^ HCOg and NaHCOg were obtained*
V I1(e)(1) In te rn a l Ion Modes < 1050 cmT^
Comparison o f  the in fra red  sp ec tra  o f KHCO^ , NH^ HCO^  and
NaHCQg in  Figures 7 .4 , 7*5 and 7.6 shows c le a rly  the doubling o f
the vi  band in  the l a t t e r  spec tra . As explained p rev iously , th is
i s  bound to  a rise  in  the case o f the TROf ^  pseudo dimer in  the
ammonium o r the sodium s a l t ,  since the  dimer has no true  centre
o f  inversion . C2v d t e r  symraetry permits a c tiv ity  in  both Raman
and in fra red  fo r three o f  the four symmetry species o f
v ib ra tio n s . Ihe h igher frequency, 1047 cm**1 , in  NaHCO^  w il l
presumably be the in -phase motions o f the atoms o f the  two ions,
since here the hydrogen bonds are d ire c tly  deformed. Ihe out o f
phase motions provide only a sm all d is to r tio n  o f  the hydrogen
—1bond, and w ill  occur a t  the lower frequency 1033 cm •
—1Ihe ou t-o ff plane mode of the ion , > 2  a t  837 cm , is  so 
transformed by some o f the pseudo-symmetry operations (e .g . diad 
screw axis along the dimer chain) o f the  pseudo-dimer, th a t  one 
o f the two coupled motions (involving a neg lig ib le  change in  
dipole moment) i s  o f species A2 and therefo re  inactive  in  the  
in fra red . Thus th is  mode is  represented by a sing le  band only 
in  the in fra red  sp ec tra  o f  NaHCO^  and NH4HCO3. In the l a t t e r  
conpound Novak*s and as w ell as are seen to  be doubled, 
as allowed by dimer symmetry, ih e  second components show much 
sm aller changes in  dipole moment*
Frequencies and Raman in te n s it ie s  were recorded as follows 
fo r  KHCOg c ry s ta llin e  m ateria l:
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Table 7*1
Infrared Raman I I xy xz I I yz yy
V1
v2
v4
VB
1004
832
701
660
1028
832
677
635
1 1 
1 4 
1/2  -  
1 5
4 94
20 85 
12 76
dimer 33 2h g
symmetry j
A
g
Frequencies are very close to  those o f Couture-Mathieu and 
o f Novak e t  a l .  None is  obviously redoubled. As previously 
explained (see Figure 7.3) the Raman mode fo r  v.^  s tre tch es  the 
hydrogen bonds whereas the in fra red  mode blends the dimer ring . 
Hence the former has the higher frequency. The converse i s  true  
o f the bending mode here lab e lled  (by Novak e t  a l)  and since 
the bend i s  a t  a lower frequency than the s tre tc h , the 
percentage d ifference due to  the coupling i s  more su b s ta n tia l. 
Again as previously explained the out-of-plane modes v2 appear 
fo rtu ito u sly  degenerate, since the deformation of the hydrogen 
bonds i s  small anyway and the force constants involved may not 
d if f e r  by veiy much. I t  is  not c le a r  why the more symmetrical 
mode lab e lled  Vj should evince a h igher frequency in  the in fra red  
than in  the Raman, I t  is  undoubtedly co rrec tly  assigned since i t  
should have a sm aller in fra red  tra n s it io n  moment than y^, and i t  
does indeed appear weaker in  the spec tra . On the basis o f the 
preceding arguments, the Raman frequency should be the h igher.
I t  is  probably the case here th a t the simple q u a lita tiv e  model 
is  inadequate fo r a completely accurate p red ic tion  o f v ib ra tio n a l 
behaviour. The Raman in te n s itie s  o f the in te rn a l modes o f the 
ions in  various p o larisa tions show in  the main a grouping in to  
the dimer symmetry species A and B . However three o f the four
0 0 .
bands (v-p V2 and Vg) are markedly strongest in  th e i r  co rrec t
p o la risa tio n  under D2h dimer symmetiy. As might be expected,
th e re fo re , the ex tra  mass o f the two hydrogen atoms by no means
suppresses the higher symmetry. In Table 7.1 the en try  o f *5!
fo r the xz component o f vg suggests a s l ig h t  consciousness o f
the influence o f c ry s ta l fa c to r  group, one might expect to
be strongest in  l ^ z since the mode is  q u asiro ta tiona l about X.
However, i t  i s  probably true  th a t the ro ta tio n  o f the p a ir  o f
carbon atoms about X, being opposed in  hand to the ro ta tio n  of
the s ix  oxygens about X, causes very l i t t l e  ne t ro ta tio n  o f the
p o la r is ib i l i ty  e ll ip so id . Hence I i s  re la tiv e ly  sm all,
compared to  I which is  generated by ax ia l deformations o f the 
/ /
e llip so id . The weakness o f V2 in  i t s  proper p o la risa tio n  XZ w ill  
be due to  a s im ila r condensation e f fe c t ,  though the opposed C and 
0 ro ta tio n s are th is  time about Y. Here any component in  I^y. is  
disallowed under dimer symmetry.
Although in te n s ity  ra t io s  d if f e r  somewhat from those reported  
by Couture-Mathieu, the overa ll p a tte rn  is  undoubtedly s im ila r.
I t  may be in ferred  th a t the X and Y d irec tions o f the in d ic a tr ix  
chosen by N itta  e t  a l ,  and used by th is  author, are indeed the same 
as those used by Couture-Mathieu,
VII (e) (2) Raman L attice  Modes
The fa r  in fra red  spectrum o f KHCO^  contains a composite o f 
barely  resolved features and contributes v ir tu a lly  nothing to  an 
understanding o f the v ib ra tio n a l modes. P o larised  Raman in te n s i t ie s  
were recorded as follows:
Table 7.2
Mode
Assignment v *xy
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I I
x z y z
Iyy
iC+ 180
i ' .
0.5 .
Translations 148 j 1 :
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Again the general d is tr ib u tio n  o f in te n s itie s  follows th a t
o f Couture-Mathieu, though not iden tica lly*  Hence one can assume
-1th a t the axes are id e n tica lly  chosen. Her band a t  84 cm was
-1not found, but an add itional one did appear a t  32 cm , The bottom 
s ix  e n trie s  in  the tab le  seem to  th is  author to  f i t  b e s t the 
requirements fo r the s ix  dimer modes, three o f  which are in te rn a l 
and p rin c ip a lly  s tre tc h  or bend the hydrogen bonds; and the 
remaining three are the three l ib  ra tions o f the dimer in  the la tt ic e *
Symmetry modes fo r  these s ix , together with th e i r  p o la risa tio n s
i f  o ff-d iagonal, are sketd ied  in  Figure 7.3. I t  is  re la tiv e ly
easy to  assign the bands in  p o la risa tio n  XZ, since two o f
moderate streng th  appear here uniquely. The lower frequency
band (113 cm"^) is  presumed to  be the l ib  ra tio n  i y  (5) and the
h i^ ie r  frequency band (185 cnf ^ *) the dimer deformation (2).
S im ilarly  fo r  the two modes o f p o la risa tio n  YZ, one a l lo ts  the
-1higher frequency (221 cm ) to  the deformation (3) and the lower 
frequency (79 cm ) to  the l ib  ra tio n  Rx (6) .  The weakness o f the 
221 -cnf* band i s  adequately explained by the con traro ta tions 
about the dimer axis o f the e llip so id s  o f p o la r is a b il i ty  formed 
by the inner and the ou ter oxygens o f the dimer. The band a t  
79 cnf* is  o f moderate streng th  since fo r l ib ra tio n  (6) the 
ro ta tio n s are co-operative. Unfortunately th is  doesn 't explain 
why the Rv mode (6) appears even more strongly  in  p o la risa tio n  XY,Jrv
I t  is  o f course l ik e ly  th a t the noimal co-ordinates fo r  and Rz 
in  the c ry s ta l environment are mixtures o f these symmetry modes 
(4) and (6) .  Mixed a c tiv ity  in  XY and YZ is  o f course allowed by 
c ry s ta l symmetry; and to  m aintain the assignments suggested, 
s t r i c t l y  requires th a t  one invoke both dimers o f the u n it  c e l l  
acting  together inphase and antiphase, the inphase motion being 
active  in  one p o la risa tio n  (ro ta tions in  the same sense) and the 
antiphase motion (ro tations cancelling) being active  in  the o ther 
p o la risa tio n . Since the two dimers are veiy poorly coupled to  
each o ther, there is  no detectab le d ifference in  frequency, and 
both modes appear a t 79 o f 3'.
I t  i s  now possib le  to  assign the remaining band active  in
-1p o la risa tio n  XY a t 107 cm to  the R„ lib ra tio n  (4), and th is  
appears weakly a lso  in  p o la risa tio n  YZ fo r the same reason. The 
f in a l  assignment is  th a t o f the H-bond s tre tc h  mode (1) which 
should appear in  p o la risa tio n  YY, I t  i s  d i f f ic u l t  to  believe 
th a t i t s  frequency can be as low as 32 cnf and indeed a band a t  
th is  frequency could w ell be a  g rating  'g h o st1. I t  is  more reason­
able to  assume th a t fo r some reason not an tic ip a ted , th is  mode in
the c ry s ta l has n eg lig ib le  in tensity*
—I
Ihe feeble bands a t  137, 148 and 180 cm have been ignored
in  the discussion above. That a t  137 cm appears a t  s im ila r
in te n s it ie s  in  the four p o la risa tio n s . This and i t s  weakness
suggests th a t i t  represents two o f the s ix  modes in  which the four
potassium ions in  the u n it c e l l  move symmetrically with respect to
the centres o f inversion . The o ther four modes are represented
• 1
by the bands a t  148 and 180 cm . These th ree  bands do no t f i t  
any reasonable scheme o f overtones, which otherwise would provide 
an a lte rn a tiv e  o rig in .
VII (f) Conclusions on the Spectroscopy o f KHCO^
-1I t  has been shown th a t the Raman spectrum below 1050 cm
- i  -.1
and the in fra red  spectrum from 1050 cm to  600 cm can be 
explained in  d e ta il  in  terms o f the true  dimer formed by each 
p a ir  o f acid carbonate ions hydrogen bonded together and i t s  
symmetry C2k or pseudo-symmetry ^ 2^ . I t  is  suggested th a t the  
dimer model applies also fo r the fundamental o p tica l phonons o f 
pseudo-dimers, such as adjacent pa irs  o f acid carbonate ions in  
the chain stru c tu res  o f NaHCOg and NH^HCGy Compensation due to  
con tra -ro ta to ry  motions has been suggested to  account fo r  the  
weakness o f c e rta in  o f f  diagonal terms in  the Raman p o la r i s ib i l i ty  
ten so r. For two o f the dimer lib ra tio n s  and one in te rn a l mode o f 
KHCOythe co-operative motions o f the two dimers in  the u n it c e l l ,  
and/or i t s  lower symmetry, had to  be invoked. The instrum ental 
and in d ic a tr ix  axes o f Couture-Mathieu were found to  be unchanged 
by the rev ision  o f her c ry s ta l data  by N itta  e t  a l ,  and they have 
been re la te d  to  the morphology o f  a grown c ry s ta l.
Chapter VIII
A COMPARISON OF THE COMPOUNDS STUDIED
In previous chapters the s tru c tu res  and spectra  o f the 
squarate ’ions1 and the acid carbonate ion have been discussed 
separa te ly . -The purpose o f th is  chapter is  to  discuss features 
which have appeared in  common, and features in  which the 
compounds d if fe r .
V III(a) S tru c tu ra l Data
Table 8.1
khco3 • NaHCC>3* NH.HCCL **4 5 K2C4°4 khc4o4 H2C4°4
WATER - - h2o -
Space group . pV a PZj/a Pccn CZ/c P2x/c P2^/m
Anions per 
u n it c e l l 4 . 4 8 4 4 2
E ntity  (formed 
by acid  hydrogen 
bonding in  a l l  
but K2C404*H20)
True
dimer
Pseudo­
dimer
(chains)
Pseudo­
dimer
(chains)
Monomer Pseudo­
dimer
(chains)
Monomer
(sheets)
E n tity  s i te  
symmetry I a(g lide) c(g lide) 1 2i m
E n tity  symmetry 2/m 2^am 2 cm mmm b 2^m m2m
E ntity  pseudo 
symmetry mmm mam mcm 4/mmm bmm 4/mmm
As in  previous chap ters, pseudo-symmetry describes the  
symmetry of an und isto rted  dimer (D^) or monomer (D ^ ) , whereas 
in  fa c t the small d is to rtio n s  ac tu a lly  encountered lower the symmetry 
to  th a t described as 1 e n tity  symmetry1. Hie actual s i te  symmetry is  
also l i s te d ,  together w ith c ry s ta l space group from which the
* Choice o f  axes unconventional, chains along a.
fa c to r  group may i f  desired  be obtained* In both the squarate 
s a l t s ,  add itional weak bonding is  introduced by water molecules, 
absent in  the acid  carbonates. Conventional ax ia l d irec tions 
have been re ta ined  where convenient. In NaHCO^  a new d irec tio n  
fo r  a was chosen to  a lign  with the anion chains. 1 Pseudo-dimer1 
implies two symmetry re la te d  hydrogen bonded anion links from an 
in f in i te  chain* The symmetry re la tionsh ip s are lab e lled  using 
the Hermarn-Mauguin system, in  order th a t g lide planes and screw 
axes should be recognised where they occur.
P a rity  in  the comparison is  c le a rly  not p o ss ib le , both 
because o f  the hydration and because one o f the acid  carbonates 
uniquely includes a tru e  anion dimer whereas two o f the ’squarates* 
contain a monomer. Likewise there  is  a very mixed allotm ent o f 
symmetry groups. In consequence the scheme, in  which each o f the 
sp ec tra  in  tu rn  has been in te rp re ted  according to  the e n ti ty  
postu lated  and i t s  pseudosymmetry, may in  fa c t not be the only 
possib le  p ic tu re  applicable in  each s itu a tio n . However, the 
c rite r io n  o f v a lid ity  is  la rg e ly  th a t o f whether the model f i t s  
actual data su ff ic ie n tly  w ell; and in  tu rn  whether i t  i s  app lic­
able to  o ther s itu a tio n s .
VIII(b) Agreement between Experimental Observations and the
Postulated Structures
Rather much in  con trast to  the normal spectroscopic in v e s ti­
gation , where the nunfoer o f fundamentals observed can be f i t t e d  to  
the p red ictions o f only one from a number o f models, th is  
investiga tion  contains no comparable step . This a rises  because 
such a f i t  was performed by I to  and West (1963) fo r  the squarate  a n ­
ion, and as f a r  as the evidence can be in te rp re ted  th e i r  assign­
ments were co rrec t. In consequence the data  o f th is  th e s is  can 
be examined in  terms o f  the d ifferences th a t occur, i . e .  whether 
degeneracies are resolved, whether inactive  bands become ac tive  
and whether v ib ra tio n a l frequencies appear perturbed. To th is  end 
se lec ted  regions o f the spectrum w ill  be examined in  tu rn .
F ir s t ,  however, some ju s t if ic a t io n  is  required fo r  the 
models dxosen, Of the squarates, the s in p le s t to  examine f i r s t  
is  the acid This is  e ffe c tiv e ly  monomeric as f a r  as
fundamental o p tica l (k = 0) phonons are concerned, and is  not 
complicated by hydration. There are two acid u n its  in  the  u n it 
c e l l ,  re la te d  to  each o ther by inversion cen tres. The acid  
un its  are not ind iv idually  centro-symmetric. Active fundamentals 
w ill  therefore  appear in  both Raman and in fra red  sp ec tra , and i f  
the two acid  un its  are su ff ic ie n tly  coupled, in fra red  and Raman; 
frequencies w il l  not be id e n tic a l. Recourse to  Table 6.1 shows 
th a t the frequency d ifferences are somewhat g rea ter than ty p ica l 
apparatus e rro rs , and range from about 31 a t the lower frequencies 
to  1% a t  the h ighest. A ll but one o f the fundamentals appear in  
both se ts  o f spectra* That one missing may w ell be forbidden by 
the C2y symmetry o f the squarate skeleton. Thus the p ic tu re  is  
th a t of the spectra  o f a sing le  u n it s l ig h tly  perturbed by i t s  
companion in  the u n it c e l l .  In th is  case the s l ig h t  d is to r tio n  
o f the skeleton from (pseudo) symmetry to  C2v symmetry resolves 
the degeneracy o f v13.
In the n eu tra l squarate s a l t  is  again s p l i t ,  the symmetry 
having fa lle n  to  D2h ’ In th is  case the squarate ion sk e le ta  are 
ind iv idually  centrosymmetric, so the mutual exclusion ru le  holds 
rigorously . The squarate ions are veiy weakly paired  by the in te r ­
vening water molecules , so th a t there are now two possib le  
s p l i t t in g s  th a t  could a rise  fo r  degenerate modes. The only non­
degenerate mode to  be s p l i t  detectably  here is  vg and th is  by only 
0.5% in  frequency. Thus i t  can be concluded th a t the squarate 
ion in  the n eu tra l s a l t  i s  only very s ig h tly  perturbed by the  weak 
coupling to  i t s  companion in  the prim itive  u n it c e l l ,  although some 
degeneracies are resolved by the lowering o f  symmetiy.
Ihe th ird  squarate ion to  be stud ied  occurred in  the acid  
s a l t ,  and th is  time the s itu a tio n  can be compared with the two 
acid  carbonates where pseudo dimers a lso  occur* I t  i s  b e st to
consider the acid  carbonates f i r s t ,  to e s tab lish  th e ir  p a tte rn .
In JCHCOg the four anions in  the u n it  c e l l  p a ir  in to  two true  
dimers, each dimer being cent rosymmetrie. Hie spectra  showed 
tlia t each in te rn a l mode occurred once in  the in fra red  and once, 
a t  a d iffe re n t frequency, in  the Raman# Raman in te n s it ie s  
grouped tliemselves in to  the two p o la risa tio n  groups expected fo r 
C2|1 dimer symme try . Further s p l i t t in g  due to the second dimer in  
the u n it c e l l  was not observed. In the o ther two acid  carbonates, 
o f  sodium and ammonium, pseudo dimers are formed of symmetry C2y . 
This symmetry group contains four species active  in  Raman, one 
o f which (A2) is  inac tive  in  the in fra red . Hence the four 
in te rn a l modes studied  in  potassium bicarbonate, should here give 
r is e  to  a doubled spectrum in  both Raman (not studied) and in fra ­
red (apart from A2 modes)* The actual numbers found were:
KHCOg NaHCOg Nil^ HCOg Expected
4 5 7 7
— — ,— . . — -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
The overa ll p ic tu re  in  these acid  carbonates is  therefo re  th a t o f 
a  sing le  dimer o r pseudo dimer con tro lled  p rin c ip a lly  by i t s  own 
symmetry. The lowering of symmetry i s  no t always qu ite  s u f f ic ie n t  
to  s p l i t  a l l  modes detectably (N aH C O g), and the o ther dimer (s) in  
the u n it c e l l  do not seem to  contribute any detectable s p l i t t in g s  
o f in te rn a l modes.
From the previous paragraph i t  can be seen th a t where a 
hydrogen bonded dimer appears, in  acid carbonates the spectrum is  
th a t o f the whole dimer, and under i t s  own symmetry ra th e r  than 
th a t of s i t e  group or o f fac to r group. I t  is  also  seen th a t  a 
pseudo-dimer may be tre a te d  as i f  i t  were a true  dimer. I t  is  no t 
su rp rising  therefore  to  fin d  th a t the acid squarate s a l t  which 
contains pseudo dimers is  a lso  governed by these ru le s . The two 
ions in  the dimer are here re la te d  by a true  diad screw a x is , but 
also by a pseudo centre o f symmetry. I t  is  found th a t the mutual 
exclusion ru le  holds in  the sp ec tra , although n e ith e r  ion i s  i t s e l f
centrosymmetric. Nearly a l l  fundamentals appear in  both Raman 
and in fra red  sp ec tra , and always a t  s ig n if ic a n tly  d iffe re n t 
frequencies. Most pertu rbation  is  found a t the C -  0 s tre tc h  
frequencies, so here the hydrogen bonding in to  dimers exerts i t s  
g rea tes t influence. Moreover the Raman p o la risa tio n s divide 
themselves almost exclusively  amongst the four species to be 
expected under orthorhombic symmetry, and as the  mutual exclusion 
ru le  holds th is  ind icates the 02^ group uniquely . Thus here the 
con tro lling  symmetry seems to  be th a t to which the dimer approx­
im ates, i . e .  i t s  pseudo symmetiy, ra th e r than i t s  true  symmetry.
Having estab lished  the models from 'which the spectroscopic 
data appears to  derive i t  is  now leg itim ate  to  compare the 
behaviour o f various anion modes in  the th ree  compounds.
V III(c) Spectroscopic E ffects o f In terna l Squarate Modes
VIII (c)(1) Hydrogen Bonding
Hie formation o f a hydrogen bond robs adjacent bonds of 
some p a rt o f th e i r  o rig in a l e lectron  density . In consequence, one 
can expect such bonds to  weaken s l ig h tly . However, the hydrogen 
bond introduces in to  the system an add itional force constant. The 
geometry o f the s itu a tio n  then determines how these forces a c t in  
combination, and whether in  consequence the frequency w ill  be 
caused to  r is e  o r  f a l l ,  o r whether i t  w il l  be unchanged. Comparing 
carbonates and acid  carbonates, the acid ic  hydrogen bonding in  the 
l a t t e r  serves to  lower the frequencies o f some in te rn a l anion modes. 
Considering only the in fra red  active mode§, the symmetric C -  0 
s tre tc h  f a l ls  by about 2.51 from the n eu tra l carbonate to  sodium 
o r ammonium bicarbonates, and by as much as 6% to  potassium b i­
carbonate. The out-of-plane bend frequency also  f a l l s  by about 
61. The p ic tu re  is  less c lea r fo r  the in-plane bends, but on 
average they change by very l i t t l e  compared with the o th er modes. 
Thus fo r  in-plane bends the increase in  s t if fn e s s  due to  hindrance 
ju s t  about compensates the decrease due to  e lec tron  m igration from 
the bond.
In the squarate sp ec tra  studied  a mixed p a tte rn  o f frequency 
s h if ts  .emerges*' I t  w il l  be reca lled  th a t ,  i f  one ignores the 
bonding by water o f hydration, the anion in  the n eu tra l s a l t  i s  in  
a conparatively free  s ta te .  In the acid s a l t  two adjacent oxygen 
atoms are involved in  hydrogen bonding to  form the pseudo dimer.
In squaric  acid a l l  four oxygens are thus involved, although th is  
system is  e sse n tia lly  monomeric spectroscop ica lly , the anion being 
bonded to  i t s e l f ,  so to  speak* Thus, qu ite  apart from the system­
a tic  increase in  hydrogen bonding involved from neu tra l s a l t  
through to  acid , there is  a lso  the change from monomer to  dimer 
and back to  monomer* The e ffe c ts  on the modes Vg and '.'of 
hydrogen bonding in  the acid  squarate 1 dimer* have been discussed 
already in  Chapter V(c) (4) .
VIII Cc) V ibrational In terac tion
An extreme example of a system atic downward change o f 
frequency from the squarate spectra  is  th a t o f the degenerate 
mode This is  regarded as a C -  C s tre tc h  mode, although
the normal v ib ra tion  contains some proportion o f symmetry 
co-ordinates Sg and S^q ( a l l  Eu) . Strangely i t s  C - C s tre tc h  
companion (which is  mixed to  some extent with Sg in  the nomial 
v ib ration) shows a system atic increase in  frequency (see Table 8.2) . 
I t  w ill  be reca lled  th a t the Raman band assigned to  Vg appeared 
diminished in  in te n s ity  on p a r t ia l  deu teration  o f squaric ac id , 
and hence is  a mode p ecu lia rly  sen sitiv e  to th is  kind o f s u b s ti t ­
u tion . In th a t case i t  was suggested th a t the change might 
a rise  from coupling with another mode which had acquired a f o r t ­
uitous frequency coincidence and symmetry on p a r t ia l  deu te ration .
The p ic tu re  now becomes c le a re r  i f  the protonated compounds are 
compared, (Figure 8 .1 ). In the doubly charged ion the frequencies 
o f v^g and Vg (both in-plane modes) are close together (1086, 1099, 
1112 cnf*) and o f d iffe ren t symmetry. In the acid s a l t ,  the bond 
strengths are modified by re d is tr ib u tio n  o f e lec tro n ic  charge, 
as the ex ternal hydrogen bond is  formed. The ion symmetry is
ii
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FIG URE 8 . 1 Band c o r r e la t io n  d ia g ra m  fo r  s ix  o f th e in te r n a l m o d e s .  
The C —C s tr e tc h  m o d e s  ex h ib it r ep u ls io n  a s  the sy m m e tr y  i s  lo w e r e d  
so  that v ib r a tio n a l in te r a c tio n  b e c o m e s  sy m m e tr y  a llo w e d . T h is  e f fe c t  i s  
la r g e r  • in  the C —O s tr e tc h  m o d e s^ b u t is  c o m p lic a te d  in  the a c id  s a lt  
by d im e r is a t io n  w hich  g e n e r a te s  s ix  n ew  m o d e s . C om p a n io n s o f th e  
o p p o site  p a r ity  a r e  sh ew n  d a sh ed .
lowered by the formation o f the stronger bond in  the C4 r in g , and
inodes of o rig in a lly  d iffe re n t symmetries are able to  mix. One o f
the modes th a t  was together with share symmetry, and the 
two may a lso  approach in  frequency; fo r  the ne t re s u lt  is  th a t
the mixed modes separate in  frequency in  the fashion o f Fermi
resonance (Figure 8 .1). A simple ca lcu lation  appears .in 
Appendix D. In squaric acid  they separate a l i t t l e  more. In the 
p a rtly  deuterated acid they appear to  come together again; and 
i f  th is  i s  so then i t  can only be due to  the mass change a ffec tin g  
the unperturbed frequencies.
Repulsion due to  v ib ra tio n a l in te rac tio n  is  a lso  c le a rly  
seen fo r  two o f the C -  0 s tre tc h  modes on going from the n e u tra l 
s a l t  to  squaric  acid  (Chapter VI(d) (3 ), Figure 8.1 and Table 8 .3 ).
Table 8.2
I to  and West (1963) This Author
C4°42" KHC404 .H20 H2G4°4 hdc4o4
v5 1123 1112 1167 (1160)u 1176 (1164)u 1102 -
v13 Eu 1090
10861 
1099 j
1070 (1068V
O '
Jl047 (1052)g
|l057 (1062) „
. . &
-  (1084) 
3
V1 Alg 1794 1797
■ ■ i
1812 (1808) u 1819 (1800)u -  -
is  another mode which, in  the Raman, shows a system atic 
frequency increase a lb e it  a vejy small one. The high frequency here 
provides some in su la tio n  from perturbations in  any case since the 
force constants are large to  s t a r t  with* I t s  in fra red  companion 
(where observed) shows a frequency decrease from acid  s a l t  to  acid . 
As however the g/u s p l i t t in g  was a ttr ib u te d  to  pseudo dim erisation
in  the acid s a l t ,  bu t to a non-hydrogen bonded out-of-plane 
coupling in  the case o f squaric  acid , there  i s  no reason fo r  expect­
ing id e n tic a l behaviour*
VIII (c) (3) Dimerisation
The unique e ffe c t o f diinerisation is  b es t seen in  modes 
(Eu) and Vg ^ g )  which are both mainly C - 0 stre tch es (Table 
8.3 and Figure 8. 1) .
Table 8.3
2-
C4°4
Ito  and West (1963) 
i r  1530
K2C4°4-H2° khc4o4 .h 2o H2C4°4
Raman Infrared  Raman
'12
R 1593
A,
1520t—^1579 1517
In frared
1510
1482 
1640
1672 [1295 ca 1300
1617 1640
The mixing o f the B? component o f w ith Vg to  form two 
new modes in  squaric  acid was discussed in  Chapter VI (d) (3) . The 
A  ^ component appears a t almost the o rig in a l frequency. In the 
acid  s a l t  however the s ix  bands th a t are found appear a t  frequen­
c ies which ind icate  l i t t l e  repulsion o f the two r modes (Table 
8.3)1 The assignments in  G iapter V (c)(4) have therefore  been to  
a dimer model, in  which the hydrogen bonding can be supposed to  
modify tie v ib ra tio n a l frequencies; whereas the s p l i t t in g s  in  the 
o ther two compounds are adequately explained as small pertu rbations 
o f  monomer modes. There is  therefo re  no d ire c t comparison possib le  
through Table 8.3 , although the observed Raman p o la risa tio n s  enable 
v ib ra tiona l species to  be id e n tif ie d  in  every case.
One can see s h if ts  p ecu lia r to  the acid  s a l t  in  o ther 
modes as w ell, though many o f the departures seem more t r iv i a l .
In v^q fo r example the frequency is  about 1.5% higher in  the 
acid  s a l t  than in  the o ther two compounds, Hie lowest frequency 
modes should show somewhat more evidence o f frequency pertu rba­
tio n , one might expect from the sm aller force constants 
involved. Like the case in  the acid carbonates, the out-of­
plane mode (A2u) f a l l s  in  frequency on hydrogen bonding 
(Table 8 .4 ) , though only here by some 3%, The inplane modes 
and v-j^ however appear to  exchange frequency in  squaric ac id , i f  
the Raman in te n s it ie s  are meaningful* In the acid s a l t  th is  does 
not appear to  be so. The degenerate modes v 4^ in  the pseudo­
dimer comprise one v ib ra tion  which s tre tches the hydrogen bonds 
and three which do no t. Thus one o f the bands observed should 
be a t  a much higher frequency than the others (328 and 332).
This provides an a lte rn a tiv e  assignment fo r  the bands observed 
a t  350 and 410 cnT*, and assigned in  Chapter V to  Vy.
Table 8,4
K2C4°4 ™ 4o4
IR R
H2C4°4 
IR R
v4 242 236 239 235 242
V 304 -  302 388 385
v14 342 328 332 310 310
vi4  o r  v7 410 350
Again, a coupled resonance o r v ib ra tio n a l in te rac tio n  
explanation is  possible  fo r the ex tra  separation o f and v 4^ 
(both are in-plane inodes) frequencies in  the ac id , where fie  s i t e  
symmetry has fa lle n  to Cs *
Thus the general e ffe c ts  o f small frequency s h i f t s ,  th a t 
m|,ght be observed due to  varia tions in  hydrogen bonding in  these 
squarate compounds, seem to  be very much overshadowed both by 
v ib ra tio n a l in te rac tio n  e ffe c ts  as 1die symmetry is  lowered, and 
by the e ffec ts  o f dim erisation.
VIII (d) The Acid Q —  H — - 0 Hydrogen Bond
From the crystallographic  data availab le  and c ite d  in
o
e a r l ie r  chapters the 0 - — H *— ■ 0 d istances are 2.55A in  squaric  
o  '
acid  and 2.46A in  the acid  s a l t .  S tru c tu ra lly , these bonds are
used to  bind the anions in to  chains in  the acid s a l t ,  where
there is  only one Oil group per anion. In squaric ac id  where
there are two OH groups per anion, the hydrogen bonds bind the
molecules in to  sheets* In the in fra red  sp ec tra , the acid  s a l t
-1shows a broad background absorption below 1800 cm , while in  
squaric  acid  th is  i s  g rea tly  increased in  streng th . A dditionally
• ■ _ i
in  squaric acid  the Raman bands above 1200 cm are a l l  g rea tly  
broadened. . These are f a i r ly  ty p ica l phenomena a ttr ib u ta b le  
d ire c tly  to  hydrogen bonding. I t  is  no t unreasonable to  equate 
these broad in fra red  absorptions with deformations o f the 
hydrogen bonds th a t in  free  acid OH groups would be seen as
d isc re te  C - 0 -  H bending modes in  the 1200 - 1400 cm*"^  region.
I t  so happens th a t the G -  0 , and C = 0 antisymmetric
s tre tc h  modes occur in  roughly th is  region o f the in fra red  
spectrum also . Under the low s i te  symmetry in  c ry s ta llin e  so lid s  
there is  every opportunity fo r  a blending of these inodes in  ways
which could lead to  very broad sp ec tra . The im plication o f a
broad spectrum is  twofold. I t  may ind icate  a considerable sub­
s tru c tu re  o f unresolved but nominally d isc re te  energy le v e ls , as 
in  the v ib ra tio n -ro ta tio n  spectrum o f a liq u id . Here the lack 
o f reso lu tion  is  ascribed to  co llis io n s  which term inate ro ta tio n a l 
a c tiv ity , th a t  is  the molecules have very sho rt ro ta tio n a l l i f e ­
tim es. Or a lte rn a tiv e ly  the energy levels may be few in  number 
but in  resonance with o ther levels o f  the same molecule, so th a t
(symmetry allowing) there may be an exchange of energy between 
the two. Again the e ffe c t can lead to  short life tim es in  any one 
s ta te .  Both p o s s ib i l i t ie s  e x is t  in  the c ry s ta ls  considered in  
th is  th e s is , where the true  s i t e  symmetries are low. To 
re c a p itu la te , each acid ic  hydrogen bond contributes three 
v ib ra tio n a l modes to  the manifold. These modes occur a t  s im ila r 
frequencies to  the C=^=0 stre tch in g  modes. Each v ib ra tio n a l 
leve l can have a considerable substructure o f molecular l ib ra tio n a l  
le v e ls . In combination, the proton no longer finds i t s e l f  in  any 
p a r tic u la r  v ib ra tiona l energy leve l fo r  very long, and i t s  motion 
is  f a r  from simple harmonic in  a p o ten tia l f ie ld  which is  
constantly  changing* I ts  p osition  and momentum may be as i l l -  
defined as th a t  o f a person try ing  to  climb out o f a hole f i l l e d  
with freased  balloons . Sim ilar ideas are ra th e r le ss  g raphically  
summarised in  Hamilton and Ibers (1968) pp. 85-8.
While th is  generalised approach is  broadly app licab le , i t  
i s  possib le  to  provide some sp e c if ic  i f  ra th e r  fragmentary data 
from th is  study o f squarate spectra . In the case o f the anhydrous 
neu tra l and acid  s a l t s ,  the spectra  are not complicated by 
hydration (Figures 4.10 and 5 .7 ). I t  can be seen th a t the hydrogen
bonding in  the acid s a l t  introduces only the one, veiy broad, but
- „
now approximately symmetrical, band centred upon 1,000 cm . This 
band must contain a composition of a l l  th ree  degrees o f freedom 
fo r  each o f the acid  protons in  the c ry s ta l. I f  the hydrogen bond 
is  l in e a r ,  as i t  might be in  a symmetrical environment, then there  
is  a sing le  bond-stretching mode and two deformation o r bending 
modes, a l l  mutually orthogonal; and with the p o s s ib il i ty  th a t the 
bending modes are degenerate.
Although x-ray determinations o f the e lec tro n ic  charge 
density  are not a re lia b le  guide to  proton p o s itio n , recent evidence 
by Ladd (private communication) suggests th a t the 0 — H — 0 bond
in  the hydrated acid  s a l t  is  both unsymmetrical (0 -  H  ■ 0^ w ith
0 -  H ~ 0.96A) and bent (0 -  H —— 0 angle 164.4°). I f  th is  i s  so,
then one o f the hydrogen bond bending inodes is  replaced by a
ro ta tio n a l o r l ib ra tio n a l motion o f the proton about the 0 ---------- 0
ax is. Hie mean x-ray co-ordinates probably approximate to  the 
deepest w ell in  the p o ten tia l function. At th is  point one can only 
speculate about the shape o f the p o ten tia l function, which here is  
three dimensional, and must re f le c t  the low ..symmetry- o f the 
environment. For a bent unsymmetrical 0 -  H —— 0 system there  
could ce rta in ly  be four p o ten tia l w e lls , two provided by an 
inversion o f the bend, and two by an exchange o f bonds to  0 —— H -  0.
A spectrum th a t spreads over some 1500 cnf^ coupared.with 
say the 500 cm"'*' o f  the bending-vibration ro ta tio n  band o f free  
water (Figure 8 . 2) ,  suggests th a t a l ib ra tio n a l substructure  could 
be present in  the acid squarate , i f  the p o ten tia l b a rr ie rs  fo r the 
o rb it  o f  the proton around the 0 —— 0 axis are low. However i t  
is  not supposed th a t one can in  fa c t d issec t out such a mode from 
the proton motion, since the s i t e  symmetry is  presumably too low 
to  afford  separate  symmetry species* However the proton motion 
w ill  c e rta in ly  be compounded o f ra d ia l ,  o rb ita l  and ax ia l motions 
re fe rred  to  the 0 ------- 0 ax is.
From the appearance o f the spectrum the quan tisa tion  o f  these 
compounded motions somehow leads to  an extended manifold o f  energy 
levels in  the so lid  s ta te .  Combination bands a ris in g  from so lid  
s ta te  fundamentals are not re s tr ic te d  to  zone centre (k = 0) 
frequencies. Indeed, m ultiple phonon spectra  in  ion ic  c ry s ta ls  
are frequently  much broader than the con tribu ting  fundamentals 
fo r  th is  reason. A dditionally , inac tive  fundamentals a r is in g  from 
acoustic  and longitudinal modes may also  form active combinations. 
However, considering only the l ik e ly  d ifference between zone edge 
and zone centre frequencies (Figure B2), about 31 fo r an 0 -  H
e n tity  in  a fundamental mode, one can estim ate the spread o f  a
-1  -1two phonon combination a t  1000 cm to  be about 60 cm . Acting
together with the mechanisms suggested e a r l ie r  i t  would seem th a t 
there  is  ample opportunity fo r  the sp ec tra l substructure to  mask 
any major features th a t  might be p resen t. I t  is  perhaps remarkable
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th a t such in te rn a l modes as the C — 0 s tre tch in g  v ib rations are 
in  fa c t d istingu ishab le , even though th is  is  d i f f ic u l t  in , fo r  
example, the Raman spectra  o f squaric acid.
V III(e) Spectra o f the Water o f  Hydration
Table 8.5
W 4 -h2o khc4o4 .h2o
IR 3250 ± 20 32843535
R 3290 -
These frequencies have already been compared w ith Herzberg1 s 
(1945) values fo r and in  w ater vapour, 3653 and 3756 cmT .^
They are lower in  frequency in  the acid  s a l t  here , and both are 
in fra red  ac tiv e . The Raman bands were not found, though 
exploration w ith a more powerful la s e r  would probably reveal them. 
Even lower in fra red  frequencies were found in  the n eu tra l s a l t ,  
though here the two frequencies had merged in to  a s ing le  very 
broad band o f great strength  and somewhat uncertain  p o sitio n .
Here the Raman companion was found, and peaking a t  a higher 
frequency. This has been discussed in  the appropriate chapter 
in  terms o f  u and g modes o f a p a ir  o f  w ater molecules. However, 
i t  may ju s t  be th a t there are in te n s ity  d ifferences in  Raman and 
in  in fra red  fo r  the unresolved components o f these bands, which 
give an apparent frequency s h i f t .  The bending mode o f w ater, v2> 
has not been id e n tif ie d  with, any ce rta in ty  in  these sp ec tra  although 
possible assignments can be suggested.
-1
There is  fo r exanple the weak in frared  band a t  about 1700 cm 
in  the neu tra l s a l t  which vanishes on dehydration; but nothing 
comparable appears in  the acid  s a l t .
D irect comparison o f the functions o f the water molecules 
in  these two s a l ts  shows th a t in  the n eu tra l s a l t  the waters are
used to  bond the ions in to  s tacks, while in  the acid s a l t  they 
are used to bond the ion chains in to  sheets . Thus in  the second 
case they are approximately coplanar with the squarate ion plane, 
but in  the f i r s t  case a t r ig h t angles to i t .  Hydrogen bond 
0 — H -—  0 d istances are as follow s, taken from the c ry s ta llo -  
graphic work c ite d  in  the e a r l ie r  chapters;
Table 8.6
’
\
KHC404 .H20
'
j 0 0 0
0 — — 0 2,757 A 2.76A and 2.97A
distances1--: - ....  ■ •
I t  w il l  be seen here th a t the 0 —~  0 distance is  s l ig h tly  
longer in  the acid s a l t  than in  the n eu tra l s a l t ,  and the OH 
stre tch in g  frequencies are correspondingly higher in  the former 
compound.
Although i t  is  impossible w ithout fu rth e r evidence 
convincingly to  assign bands a t lower frequencies to water modes, 
there i s  a d is t in c t  p o ss ib ili ty  th a t the two bands observed in  
the in fra red  spectrum o f  the neu tra l s a l t  a t 583 and 740 cnf ^  
(which vanish on dehydration) are two o f the three l ib ra tio n a l  
inodes o f the water molecules in  the u n it c e l l .  There is  then 
eveiy reason fo r th e i r  absence in  squaric acid , which has no w ater 
o f  hydration. In the acid  s a l t  where there  i s  already a broad 
absorption background due to  acid  0 -  H —  0 hydrogen bonding, 
windows appear in  the spectrum a t  629 and 833 cm”'*'. These are not 
themselves due to  water modes since they are s t i l l  p resent in  the 
anhydrous s a l t .  However, th e ir  appearance is  changed by dehydra­
tio n , and so is  the streng th  o f the background in  th is  region o f 
the spectrum. Both these e ffe c ts  can therefore  be ascribed to  
the lower frequency modes o f the water o f hydration.
Chapter IX
GENERAL CONCLUSIONS ON STRUCTURE AND SPECTRA
The work described in  th is  th es is  has contributed both to  
the d e ta iled  information availab le  in  the area stud ied , and to  
the general understanding o f the phenomena involved.
So fa r  as the d e ta iled  information is  concerned, the e a r l ie r  
spectroscopic work o f I to  and West (1963) on dipotassium squarate 
has been refined  by the addition o f p o larised  Raman sp ec tra  on 
sing le  c ry s ta ls . This has revealed some sp l i t t in g s  no t previously 
reported , and h is  assignments have been confirmed by the p o la r is ­
a tion  of many observed bands. C rystal hab it has also been 
described, which may f a c i l i t a te  fu ture work. Hie same techniques 
have thrown much more l ig h t  on the spectroscopic behaviour o f 
squaric acid  c ry s ta ls  , which was inadequately investiga ted  by 
Baglin and Rose (1970); and work with an o p tica l d iffractom eter 
p red icted  the o rien ta tio n  la te r  confirmed by Semmingsen (1973).
By these means, assignments are now c le a rly  re la te d  to  the  paren t 
modes in  the free  ion. Investiga tion  o f the acid  s a l t ,  no t 
previously reported , provided new evidence th a t was shown to  be 
compatible with the in te rp re ta tio n  of the o ther compounds, provided 
th a t the anionic e n tity  was taken to  be a dimer. This viewpoint 
was supported by some work on acid carbonates, in  the course o f 
which i t  proved possible to  o ffe r  a somewhat c le a re r  explanation 
o f the observed spectra  than th a t offered  previously by Couture- 
Mathieu (1950) and by Novak e t  a l  (1963) .
In order to  t i e  some o f the phenomena observed in to  a more 
consisten t p a tte rn  a number o f  more general conclusions were 
involved. These are described in  g rea te r  d e ta il  a t  appropriate 
points in  th is  th e s is , and may be summarised as follows;
(a) That the observed spectra  generally  could be 
trea ted  as i f  they arose from whatever anionic
e n ti t ie s  were formed w ithin the u n it c e l l  
by hydrogen bonding, i . e .  monomer, dimer, 
pseudo-dimer.
(b) That in  m atters of in te n s ity  o f bands and 
th e i r  p o la risa tio n , the influence o f the 
symmetry or pseudo-symmetry of the e n tity  
was paramount.
(c) That a lowering o f lo ca l symmetry could produce 
repulsion o f  bands th a t were o rig in a lly  genera­
ted  by modes o f d iffe r in g  symraetiy.
(d) That as f a r  as o p tic a lly  active fundamentals 
were concerned, the contents o f the u n it c e l l  
could be tre a te d  by tra n s la tio n a l id e n tity  as 
i f  they were coupled to  themselves.
(e) That e le c tr ic a l  , anharomnicity, could occur 
autom atically in  the case o f a ro ta tio n a l 
type o f v ib ra tio n  (lib ra tio n ) o r one th a t 
had ro ta tio n a l components, and th a t the over­
tone would be re s tr ic te d  to  two o f the three 
diagonal p o la r is ib i l i ty  components observable 
in  Raman spectroscopy.
(f) That conpensatory e ffe c ts  could occur in  mutual 
p o la risa tio n  changes in  the systems stud ied , so 
th a t some to ta lly , symmetric fundamentals 
(contrary to  fo lk lore) were very we ale indeed.
(g) I t  is  also suggested th a t any sp ec tra l sub­
stru c tu re  w ithin broadband hydrogen-bond fea tu res 
consists o f  combination bands which in  the so lid  
s ta te  are broad enough ind iv idua lly , due to  th e i r  
m ultiple phonon o rig in , to  remain unresolved one 
from another.
While (a) is  mentioned in  the l i t e r a tu r e ,  i . e .  there  are 
occasions when one should be looking a t  the mechanics o f a 
polymer ra th e r  than an iso la ted  monomer, the ideas o f r e s t r ic t in g  
th is  polym erisation to  the u n it c e l l  contents when studying the 
sp ec tra , and o f  admitting the constra in t o f (d ), seems to  be 
underplpyed::in the l i te ra tu re  o f hydrogen bonded systems. Like­
wise the recent discussions on v ib ra tio n a l analysis by ‘fa c to r  
group* o r by * s i t e  group* has developed in  such a way as to  force 
these techniques ap a rt, leaving sometimes no obvious way to  
in te rp re t spectra  which appear to  ind ica te  symmetry p roperties  a t  
variance with e ith e r  outlook, (b) therefore  f i l l s  a  gap here 
in  emphasising th is  middle way fo r  the symmetry behaviour o f 
polyatomic ions*
(c ) , (e) and (f) on the o ther hand have not been s ta te d , 
even inform ally, in  any o f the l i te ra tu re  consulted by th is  
author, and may conceivably be unpublished. I t  is  un like ly  th a t  
they are novel however, since the phenomena themselves are ju s t  
conman enough to  have given reason fo r thought in th is  area o f  
spectroscopy. As ideas, they appear to  be ju s t  usefu l enough 
to  m erit more work to  determine th e ir  app licab ility*  Mode 
repulsion may indeed be qu ite  a widespread phenomena in  s o lid  
s ta te  sp ec tra , where s i t e  symmetry can vary widely. Both automatic 
aniiarmonicity and mutual p o la risa tio n  seem to  require formal 
models to  be s e t  up, and th e ir  behaviour checked against a number 
of re a l s i tu a tio n s .
Appendix A
P Q L A R T S I B I L  T Y
I t  is  rare  to find  any d iscussion, in  the English tongue, 
o f the behaviour o f the p o la r is ib i l i ty  e llip so id  during v ib ra tio n a l 
modes o f  various symmetries. The following section  has therefore  
been tran s la te d  by th is  author from Mathieu (1945) where i t  appears 
in  h is  Chapter .VI11 on se lec tio n  ru le s . The f i r s t  paragraph neatly  
sums 14) the exposition preceding the tran s la te d  m ateria l. The 
second section  tran s la te d  occurs la te r  in  the book (Chapter XIII) 
where Mathieu discusses the v ibrations o f p a r tic u la r  molecules in  
the l ig h t  o f h is previous deductions. A th ird  sec tion  has been 
added by th is  author to  follow the tra n s la tio n  from Mathieu, in  
order to provide examples which are c loser to  the m ateria l o f 
th is  th e s is . They are intended to  associate  w ith comments made in  
i t s  te x t.
Hie tran s la tio n  i t s e l f  is  meant to  be a working tra n s la tio n , 
and is  therefore l i t e r a l  ra th e r than l i te r a iy .  In order to  
avoid imposing unintended meanings upon the French te x t ,  l i t t l e  
ed iting  has been done, apart from the occasional in se rtio n  
(bracketted) o f an implied but absent word. In consequence, 
where Mathieu has erred , the e rro rs remain; where he is  obscure, 
so is  the tran s la tio n ; and where he has used a ’portmanteau' 
word such as 'o s c il la tio n * , th is  has been l e f t  as such.. The 
reader may therefo re  construe such in f e l ic i t ie s  as he fee ls  
proper, but he w ill  probably not be in  e rro r  i f  he su b s titu te s  
' ‘v ib ra tion1’ where Mathieu has used the vaguer word ’’o sc il la t io n " .
A(a) Translated from Mathieu (1945) p. 245
In summing up, the following propositions may be s ta te d ; 
the v a ria tio n  of any one o f the components o f the f i r s t  k ind , 
ol , ct or a of the p o la r is ib i l i ty  tensor evidences i t s e l f  byjsA yy zz
a m odification of the length of one of the p rin c ip a l axes o f  the 
e ll ip so id  Ox o r Oy o r Oz respec tive ly , th a t is  to say by a , 
deformation o f  such e ll ip so id  without a lte ra tio n  of d irec tio n  o f 
i t s  axes. The appearance of a component o f the second kind or 
ayZ or a corresponds to  an a lte ra tio n  o f o rien ta tio n  o f  the 
e ll ip so id , without deformation; the e ll ip so id  o sc illa te s  o r  turns 
around the p rincipal axis Oz o r Ox o r Oy respective ly  (V III, M).
With the help o f these ru les and some examples whidx 
preceded them, one envisages w ithout d if f ic u lty  haw the e ll ip so id  
behaves in  the various kinds o f motions. We w ill  examine the 
more important (of th ese),
1. I f  a Raman band is  forbidden, the e ll ip so id  remains
a t  r e s t  during the corresponding v ib ra tio n ; in
consequence i t  does not become defoimed ( a ^  53 0)
and i t  is  not displaced ( a * 0) ,
J
2. In the course o f a to ta l ly  symmetric v ib ra tio n , the
mean p o la r is ib i l i ty  varies (E«jj 7s 0) : the e ll ip so id
su ffe rs  a period ic  deformation, a pu lsa tion  (in  the 
medical sense o f a h e a r tb e a t- tra n s la to r’s n o te ). In 
general, i t  does not remain the same shape; unless 
the molecule is  iso tro p ic , (when) the sphere o f 
p o la r is ib i l i ty  su ffe rs sinp ly  a p e r io d ic  v a ria tio n
h o f diameter in  the course of the pu lsa tion . More­
over, in  some groups o f low symmetry (C^, Cs , ^2* ^2h) 
the e llip so id  may change i t s  o rien ta tio n  in  the 
course o f a to ta l ly  symmetric v ib ra tio n .
3.. In the course o f a fundamental v ib ra tio n  antisymmetric
with respect to  a plane (xOy fo r example), the e l l ip ­
so id  is  not deformed ( a -  0) ,  bu t o s c il la te s  around 
an axis D contained in  the plane, fo r = 0 (Fig. 73). 
As the e llip so id  is  not deformed, the mean p o la r i s ib i l ­
i ty  remains constant, and p -  6/7.
JC
1 Fig* 73* Pivoting o f the
I e llip so id  of re f ra c t iv ity  in  an 
| o sc illa tio n  antisymmetric with-r ‘ '
f respect to a plane xOy o r with 
| respect to  a b inary  axis Oz (the 
j r e s t  p osition  is  figured  dotted)
| Fig. 73. — P iv o le m en l  do I’ellip-  
soi'de do refractivite dans une  
i oscillation antisym eir ique  par 
rapport au plan xOy  ou par  
| rapport & l ’axe binairc Oc (la 
position de repos est (iguree 
en poinlil le).
4. In the course o f a fundamental v ib ra tio n  antisymmetric 
w ith respect to a two-fold axis Oz, the e ll ip so id  
o sc illa te s  without deformation about a lin e  perpen­
d icu la r to  the ax is , th a t is  to  say contained in  the 
plane xOy. In consequence, as in  the preceding case, 
a j j  = 0 and = 0 .
5. In the course o f a degenerate fundamental o s c il la t io n  
o f type C, the re la tionsh ips = a ^ . “ 0 , applicable 
save fo r (the case of) p -  3, show th a t ,  as in  the 
preceding case, the e ll ip so id  o sc illa te s  around an 
axis in  the plane xOy when one o f the normal co-ordin­
a tes q , which takes p a rt in  the o s c i l la t io n , v a rie s . 
The v a ria tio n  of the normal co-ordinate q ’ degenerate 
with q involves, i f  i t  occurs alone, an o s c illa t io n  
o f the e ll ip so id  around another axis in  the plane 
xOy. I f  q and q ’ vary a t  the same time, the axis o f  
revolution Oz1 o f  the e ll ip so id  describes a cone 
around the d irec tio n  Oz.
6* In the course o f a fundamental v ib ra tio n  antisymmetric
with respect to  a fourfo ld  axis Oz, or type D 
degenerate, the e ll ip so id  (which is  now of revo lu tion  
since the molecule possesses an axis o f h igher order) 
is  deformed, in  (such a) way th a t the length o f  i t s
axis Oz does not change (azz » 0) ,  and of the two 
orthogonal diameters a t  i t s  equator one elongates 
by the same amount th a t the o ther contracts (a : 
** a 1«yy
In th is  case , the e llip so id  re ta in s  a
yz “zx = °>p rin c ip a l axis d irec ted  along Oz, fo r a 
and o sc illa te s  around th a t ax is , fo r  a i s  not zero.Ay
Moreover, although the e ll ip so id  is  deformed, the 
mean p o la risa tio n  does no t vary, and p = 6/7 (Fig. 74)
Fig. 74. Deformation o f the 
e llip so id  o f r e f ra c t iv ity  in  an 
o sc illa tio n  antisymmetric w ith 
: respect to  an axis Oz o f order 4 
ior D degenerate. At r e s t ,  the 
!e ll ip so id  (dotted) is  o f revo lu tion .
■z? i
■ i F ig .  74. —  Deform ation de 
! l'e llipsoide de refracliyile  
i dans une oscillation anti- 
1 sy ine lr iqne  par rapport a 1 
un axe Os d’ordre i on G.
Au repos, 1’ellipsoide (en 
' poinlil le)  cslderevolution-*  ;
7. I t  is  advisable to  put separately  the case o f the
th reefo ld  axis. In an o sc illa tio n  C degenerate w ith 
respect to  one such ax is , the ro ta tio n  o f the 
e llip so id  takes place around any axis ( a l l  the  >
a t  the same time, the e ll ip so id  is  deformed in  holding 
constant the mean p o la r is ib i l i ty ,  as in  case 6 .
(End o f  § 11, Chapter V III) .
Aft) From fo th ieu  (1945), p .466 e t  seq .
18 -  Diagrams o f V ibrations, E le c tr ic  Moment and P o la r is ib i l i ty  
in  Molecules and C rystals.
Tlie diagrams th a t we have dram  in  the course o f th is  chapter 
to  represent the fundamental o sc illa tio n s  o f molecules and c iy s ta ls
allow us to  portray  equally the v aria tio n s o f e le c tr ic  moment 
and those o f the p o la r is ib i l i ty  e llip so id . We w ill  lim it our-)  
selves to  study here (a) few es&mples.
: F i g .  1 G 3 . —  V a r i a t i o n s  <lu inom enl e leclr iquc c l  de l'ellipsoide de p o l a r i s a b i l i t e  
d a n s  l a  v i b r a t i o n  de doi'orinaliou nngulairc  de l a  m o le c u le ‘I ICN.
Fig. 163 -  V ariations o f e le c tr ic  moment and o f the p o la r is ib i l i ty  
e llip so id  in  the angular deformation v ib ra tion  of the 
molecule HCN.
The hydrocyanic acid molecule HCN possesses three modes o f 
fundamental v ib ration . In the valence o sc illa tio n s  (Fig. 141) 
(bond s tre tc h in g ) , the e le c tr ic  moment v ib rates along the axis 
o f the molecule. In the angular deformation o sc illa tio n  (bending) 
the conservation o f the centre o f g rav ity  imposes on the II nucleus 
the l ig h te s t ,  a displacement o f very much la rg e r amplitude than 
those o f the C and N nuclei (Fig. 163a). As the centre o f the 
p o sitiv e  charges of th is  po lar molecule coincide qu ite  c lo sely  
with the p osition  o f the H nucleus the e le c tr ic  momenta^ does no t 
keep during the o sc illa tio n  the position  fi th a t I t  has a t  r e s t ;  
bu t i t  o sc illa te s  as Figure 163b shows i t .  In th a t same o s c i l la ­
tio n , the th ree atoms are found in  the same re la tiv e  s itu a tio n  a t  
times separated by a h a lf  period. Hie e ffe c ts  th a t these atoms 
exert t i e  ones upon the others are then the same a t these two 
tim es. In consequence, a f te r  the theory o f S ilb e rs te in  (Chapter 
IV § 10), the p o la r is ib i l i ty  there takes again the same value; 
the corresponding e ll ip so id  is  not then d is to rte d . But, ju s t  as 
was seen in  § 11 o f Chapter V III, the p o la r is ib i l i ty  e l l ip s o id , 
which re ta in s  fo r i t s  plane o f symmetry the plane o f Figure 163a, 
may o s c illa te  around an axis perpendicular to  th is  plane.
(Fig. 163c).
F ig .  16  i .  —  Deform ations de l ’ellipsoide de polarisabili le  
dans une oscillation degeneree de I’ion CO3— .
Fig. 164 -  D istortions o f the P o la r is ib i l i ty  E llip so id  in  a 
Degenerate O scilla tion  of the COg~~ ion.
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F ig .  -157. —  M o u v e m e n l s  d e  F io n  CO3 . •
Fig. 157
Let us consider the degenerate o sc illa tio n  o f the C O i o n  
which i s  depicted by the diagram n^  ^ o f Figure 157. The negative 
charges are d is tr ib u ted  equally between the three atoms and th e i r  
centre coincides with the centre o f gravity  o f the tr ia n g le  which 
remains e q u ila te ra l during the o sc illa tio n . The centre o f  p o sitiv e  
charges coincides w ith the nucleus o f the caibon atom. I t  i s  
evident then th a t the v ib ra tion  n,. ^ produces a v a ria tio n  o f  
e le c tr ic  moment in  the plane o f the ion.
Hie p o la r is ib i l i ty  e ll ip so id  i s  o f revolution and possesses 
a shape fla tte n e d  along the 3 -fo ld  ax is , as is  seen e a s ily  by 
applying the reasoning employed fo r the l in e a r  molecule in  §10 o f 
Chapter IV. Let us number the oxygen atoms 1 , 2 , 3. In the mole­
cule a t re s t  (Fig. 164a), the section  o f the p o la r is ib i l i ty  
e ll ip so id  (cut) by the plane xOy o f  the ion i s  a c ir c le ;  i f  the 
molecule is  sub ject to  the e ffe c t o f an e le c tr ic  f ie ld  Ey, the 
e le c tro s ta t ic  f ie ld  o f the C atom tends to  increase the  p o la r­
isa tio n  induced by the f ie ld  E in  the atom 0  ^ and to  decrease
th a t  which is  induced by the f ie ld  in  the atoms O2 and 0^; i f  
the inducing f ie ld  tahes instead  the d irec tion  E , the f ie ld  o f 
the C atom reduces the p o la risa tio n  induced in  the atom 0^ and 
increases the p o la risa tio n  of the atoms 0? and Oy Let us 
suppose now th a t the ion is  subject to  the fundamental o s c i l la ­
tio n  n^ £*, as the in s tan t when the o sc illa tio n  is  in  the  phase 
i l lu s t r a te d  by Figure 164b, the G atom approaches the atoms 
and 0^ and becomes fa r th e r  from the atom 0^; the p o la r is ib i l i ty  
diminishes then in  the d irec tion  ly  and increases in  the d irec tio n  
E ; the equato ria l section  of the e ll ip so id  i s  fla tte n e d  then 
along Ey, as the figure shows i t .  A fter a h a lf  period o f the 
o sc illa tio n  g the re la tiv e  arrangement o f the above is  th a t 
o f Figure 164c; the p o la r is ib i l i ty  has increased along E^, 
diminished along E *  the section  o f the e ll ip so id  i s  elongated 
in  the  d irec tion  E^. Hie diagram allows us to envisage the 
fundamental o sc illa tio n  o f  frequency ^ (as) accompanied by, 
fo r  the p o la r is ib i l i ty  e ll ip so id , a d is to r tio n  of the equato ria l 
section  which s a t is f ie s  the general conditions (Table V, p .237):
"xx = ~ay y ’ “zz = ° ’ 
bu t constitu tes only a p a r tic u la r  case o f them.
3. Doubly degenerate v ib ration  o f CCl^. (Omitted)
4. T riply degenerate v ib ra tion  o f CCl^. (Omitted)
5. -j.A [ Fig. 165 -  V ariations o f  the
| p o la r is ib i l i ty  in a degenerate
(V  n i o sc illa tio n  (lib ra tio n ) o f c a lc i te .
Let us consider the external o sc illa tio n  o f frequency £ 
o f a c a lc ite  c ry s ta l (Fig. 159); th is  is  brought about by a 
p ivoting o f two CQg groups around p a ra lle l  axes s itu a te d  in  
th e i r  p lanes, and fo r which we w ill  take the x axes (Fig. 165).
In the course o f th is  o s c illa t io n , the distances which separate  
the oxygen atoms belonging to the same io n , the carbon atoms and 
the calcium atoms do not change; i t  i s  the same with the  distances 
between the atom 0^ and the atoms 0  ^ o r  0^, between the atom 0^ 
and the atoms o r Oy The distances 0^-0^, O^-O^, vaiy
as second order q u an titie s  i f  the angle o f p ivoting is  sm all.
The magnitude o f the p o la r is ib ili ty . does not vary then; by 
c o n tra s t, the p rin c ip a l d irec tions no longer remain the axis o f 
z and the peipendicular d irec tio n s; the p o la r is ib i l i ty  e ll ip so id  
pivots around the axis o f the x o f Figure 165. As the v ib ra tio n  
is  degenerate the pivoting may equally w ell take place around 
the y  ax is . One has then c«zx -  ayz and these too c o effic ien ts  
c e rta in ly  have a value much g rea te r than a l l  the o ther conponents 
o f  the derived ten so r, in  the o sc illa tio n  diagram o f  Figure 165; 
th is  conclusion agrees with the experimental data provided by the 
measurement o f the depolarisation  fac to rs .
These various examples given in  th is  paragraph serve as 
models to  the reader fo r the discussion of o ther p a r t ic u la r  cases. 
(End o f Chapter X III).
A(c) Further Examples o f P o la r is ib i l i ty  Changes
I t  is  a straightforw ard  m atter to  adapt the ideas o f  
Mathieu to  the v ib rations o f the squarate ion, and are 
both modes o f B^, symmetry in  which the atomic displacements are 
antisymmetric with respect to  a fourfo ld  ro ta tio n , and V£ 
are modes o f  symmetry A^a in  which the atomic displacements are 
symmetric with respect to  a fourfo ld  ro ta tio n . Simpler to  
v isu a lise  are the motions o f a  square ring  model, and the deform­
ations o f i t s  p o la r is ib i l i ty  e ll ip so id  can be sketched as follows 
in  Figure A .I.
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Figure A1
Mathieu does not deal generally with cases in  which changes 
in  p o la r is ib i l i ty  p a r t ia l ly  o r wholly cancel each other. The 
mode sketched here is  a p a rtic u la r  case where the condition zz 0
is  iiqx>sed by the  symmetry, in  the squarate spectra  is  
consisten tly  found to  be a weak band, and the phenomenon is  
a ttr ib u te d  by th is  author to  the almost complete compensation as 
four atoms move in  and four move out.
In Figure A2 above the sketches fo r the extremes o f motions 
o f large amplitude show the conponent e llip so id s  due to  the 
co-operative po larisa tions o f neighbouring atoms. In the l e f t  
hand sketch the carbon atoms are c losely  associated , while the 
oxygen atoms are re la tiv e ly  iso la ted . In the r ig h t hand sketch 
carbon and oxygen atoms associate in  p a ir s , each p a ir  being 
re la tiv e ly  iso la ted  from the o thers. One can see v isu a lly  from 
th is ,  th a t a crude model on these lin e s  could, in  p rin c ip le , be 
constrained to  show a neg lig ib le  change o f overa ll p o la r is ib i l i ty  
between these extreme s itu a tio n s . The v^ .roods on 'the o ther hand 
has a l l  atoms associated a t one extreme, and a l l  atoms iso la te d  
a t  the o ther, since i t  is  a breathing mode. Any reasonable law o f 
co-operative p o la r is ib i l i ty  would associate  with a breathing mode 
a su b stan tia l change in  p o la r is ib i l i ty ,  as is  conventionally 
observed in  Raman spectra . A quan titive  and non-arb itrary  model 
has not been developed, but is  an obvious extension.
Of the v ibrations Vg is  weaker, than v^q, most l ik e ly  fo r 
the same reason. The compensation here is  not complete, as-the  
ring deforms ra th e r than s tre tc h es ; and so the carbon atoms and 
oxygen atoms have d iffe re n t re la tiv e  amplitudes o f motion in  Vg
Note th a t although species are active  in  an off-
diagonal p o la r is ib i l i ty  component, no genuine ro ta tio n  is  
involved here.
A more complicated example o f condensation appears in
alumina, Raman data fo r which is  to be found in  Bhagavantam and
Venkatarayudu (1939) and in  Porto and Krishnan (1967). The to ta l ly
-1symmetric breathing mode (Figure A3) a t 645 cm is  much weaker m  
a ' = J  than in  a ' .  The corresponding mode a t  418 cm” ^  inXX zz
which the two aluminium atoms move outwards as the three oxygen 
atoms move inwards has, by con trast, very sim ilar p o la r is a b il i t ie s  
in  the diagonal condonents.
I 4
645 c m 418 c m -1
^ x x  v e r y  s m a l l o< xx
A'j m o d e s  of A I2 O3  
Figure A. 3
This appears a t ' f i r s t ' t o  con trad ic t the deductions th a t 
explained the squarate phenomena; The a n tith e s is  derives from 
the very d iffe ren t shapes of the two e n t i t ie s .  Tne squarate ion 
is  p lanar and modes were considered in  which the atoms move in  
th is  plane. Hie alumina s tru c tu re  is  by con trast elongated along 
i t s  unique ax is . In consequence the increase in  oxygen xx 
p o la r is ib i l i ty  as the aluminium atoms move away, is  almost com­
pensated by the decrease in  oxygen xx p o la r is ib i l i ty  as the 
oxygen atoms move away from each other.
Mathieu’s chap teron  se lec tion  ru les also considers th e i r
app lica tion  to  overtones and combination bands th a t a rise  from
e le c tr ic a l  anharmonicity. However, he does not discuss the
anharmonicity i t s e l f  in  order to  p red ic t some o f  the s itu a tio n s
th a t  might a r is e . I t  is  possible  to  find  occasional examples Of
Raman spectra  in  which a fundamental is  veiy l i t t l e  stronger
than i t s  overtone. For example in  investigated  by
Thackeray e t  a l  (1973) the overtone of the mode Vg (see
Figure A. 4) is  nearly  as strong in  I as i t s  fundamental in  I„  .ijZi . xz
This mode and v7 are both out o f plane, and indeed fo r  both 2v^ 
and 2vg the I zz component is  stronger than 1 ^  and I .
x dire, c h  on 
Q Cth .«• o f —
Figure A. 4 
Two normal inodes of. the C2I4 molecule
The re la tiv e  weakness of the Vg fundamental is  read ily  
seen to  be due to the contra-ro ta tio n  about the y axis o f the 
carbon atoms and the iodine atoms. lienee the ro ta tio n  o f the 
e llip so id  due to  the motion of the iodine atoms is  p a r t ia l ly  
compensated by th a t due to the carbon atoms. The symmetry of 
the motion is  such th a t the diagonal p o la r is ib i l i ty  a , takes 
the same value a t  both extremes of atomic motion. I f  th is  
d iffe rs  su b s tan tia lly  from the value a t  the equilibrium  p o s itio n , 
then th is  component a has a v a ria tio n  a t  twice the v ib ra tio n a l 
fundamental, i . e .  i t  appears a t  the overtone frequency. For 
th is  to  be strong then, the shape o f the e ll ip so id  must be such 
th a t o f i t s  p rin c ip a l axes, |a a ~ a | must be su b s tan tia l.
Notice here th a t the component I does not change a t  a l l ,  since 
any change would be disallowed by symmetry fo r  a pure ro ta tio n  
o f-the  e llip so id  about y. In Appendix B(a), where overtones are 
discussed more fu lly , the derivative p o la r is ib i l i ty  fo r  th is  
s itu a tio n  is  shown to  be:
z
Figure A. 5
Rotation of the p o la r is ib i l i ty  e ll ip so id  fo r co n tra -ro ta tio n a l
modes discussed in  the tex t
For an e ll ip so id  o f large ecc en tric ity  the absolute value o f the 
change is  proportional to  the magnitude o f the la rg e r of these 
•two p rinc ipa l p o la r i s ib i l i t i e s ? T^iidiever th is  might be, and to  
the anplitude of tlie v ib ra tio n ,
Raman bands in  the acid  squarate s a l t  (Chapter V) a t 1255
and 1292 cm"^ and in  the neu tra l squarate s a l t  a t 1311 and 1328
■ ■ ' -1cm (Chapter IV) a l l  appear strongest in  I , and in  consequence 
are thought to  a rise  in  a s im ila r manner. The/ are no t in  them- 
selves in tr in s ic a l ly  strong nor do they necessarily  associate  
w ith very weak fundamentals. However, the degenerate fundamental 
■>11 (see Figure A. 6) o f species Ea is  c e rta in ly  weak, out o f plane 
and of the same symmetry as Vg in  C?I^. A lternative assignments 
are discussed in  the relevant chapters.
The in-plane modes and v^q of the squarate ion are 
inactive  in  I 2 a t  the fmdamental frequencies, since the po lar- 
i s i b i l i t y  e ll ip so id  has equal az fo r both extremes o f the v ib ra tio n a l 
motion. Again, i f  th is  is  not equal to  the value o f a_ a t  theZi
equilibrium  p o sitio n , the I __ overtone is  generated.
t
c n
Figure A. 6
One of the doubly degenerate p a ir  o f symmetry modes v-^ of the
squarate ion
Appendix B
ANHARM3NICITY, OVERTCHES (and Multipiionon Processes)
/V ,B(a) Example of Overtone m  P o la r is ib i l i ty  a ris in g  purely gem oetrically
I t  was inp lied  by th is  author in  Appendix A th a t a lib ra tio n  
o£ the p o la r is ib i l i ty  e llip so id  about any p rin c ip a l axis automat­
ic a lly  generated derivative  changes in  two of the three on- 
diagonal components o f p o la r is ib i l i ty ,  a t  twice the fundamental 
frequency of the lib ra tio n . The derivative  overtone component 
along the l ib  ra tio n a l axis would autom atically be zero. The 
formula given may be derived as follows. Suppose the axis o f 
l ib ra tio n  is  the y ax is , since th is  f i t s  the exanple given 
(Figure £ .1 ) , and the ro ta tio n  of the e llip so id  about the y axis 
is  e. Let tlie p rin c ip a l axes of the e llip so id  in the xz plane be 
«a and a^ / and the components o f the p o la r is ib i l i ty  tensor be
c<
Figure B .l
a . a . a e tc . in  the usual no ta tion . These re la te  the 
P o la risa tion  P to  the e le c tr ic  f ie ld  E, Considering f i r s t  the
off-diagonal term involving P„-and E, or P and E„, namely ct .A Z Z A XZ
one obtains by resolved components along tlie p rin c ip a l axes* of 
the e ll ip so id  the re la tionsh ip
P„ = E„ s in 0 cosG (a -  a_) and thence
•cV Z C . ct
a r  ~  a a
“xz a \ ~ J ~  ,Sin2e 
For small angles one may approximate to
(1) “xz = C“c '  “a3®*
a re s u l t  given by Mathieu (1945) as equation V III, 61. By d if fe r ­
e n tia tio n  therefore
(2) s 'xz = “c ■ “a
Thus, the off-diagonal term is  su b s tan tia l only inasmuch as the
e llip so id  is  eccen tric . S im ilarly  fo r  tlie diagonal term a inzz
which P and E_ are taken p a ra lle l  in  d irec tio n
Z Z
(  O ° \ci cos 0 + sin^QI c a /
from which one obtains
“zz “ “c + (ota “ “c3 sinZe
I f  the angles are small
(3) “ zz = “c + (“a “ " P ®2
* or by evaluating
and by d if fe re n tia tin g  twice
C4) a" ' = 2(aa - «c)
From (2) and (4) one obtains the ra tio
<S> “V * ' x z  = ••2
the q u a lita tiv e  deduction being th a t tlie ra t io  o f the two compon­
ents i s  invarian t -'with tlie amplitude of o sc illa tio n . I f  th is  
model is  taken to  be a c la ss ic a l o s c i l la to r  where
,2 n2 __ 2 * „ max , n) 6 --------11 + cos2wtmax 2 4
then from equations (1) and (3) one obtains
axz “ (ac " aa) 0m a ^ swt
02
(6) «zz “ «c * CV ~  ac  ^ I1 + cos2wt)
from whidi i t  can be seen th a t o v a r i e s  a t the fundamentalxz
frequency o f v ib ration  whereas a z varies a t  twice th is  frequency. 
Thus, the simple harmonic lib ra tio n  o f a p o la r is ib i l i ty  e ll ip so id  
about the y axis w ill  autom atically generate a (c la ss ica l)  over­
tone having xx and zz components.
One can fu rth e r deduce th a t two id en tica l e n t i t ie s  l ib  ra tin g  
about the same axes , but su ff ic ie n tly  fa r  apart not to  in te ra c t 
m utually, can produce a f in i te  overtone but zero fundamental 
modulation o f these p o la r i s ib i l i t ie s .  This w ill  happen i f  tlie two 
e n t i t ie s  move in  antiphase; fo r since the oi component isXZ
proportional to  0 , th e n 'i f  9  ^ = -02 tlie two components sum to  zero, 
The a component i s ,  however, proportional to  e2 in  each e n ti tyZZ
and hence the two w ill  add to  a f in i te  quan tity . The e ffe c t is
d ilu ted  i f  there  is  mutual in te rac tio n  between the e n ti t ie s  . 
However, the. combination o f th is  e f fe c t ,  and the fa c t th a t ,  as 
equation (3) in d ica te s , the e ffe c t o f the overtone becomes more 
marked w ith large am plitudes, may account fo r the unusual over­
tone in te n s ity  of the C2I 4 mode discussed in  Appendix A,
Note here th a t tlie modulation frequenc>r found is  exactly  
twice tlie actual l ib ra tio n a l frequency of the p o la r is ib i l i ty  
e ll ip so id . This does n o t, however, imply th a t tlie overtone 
frequency measured in  the Raman spectrum w ill  be a t  twice the 
frequency o f the corresponding fundamental, since the spacing o f 
the v ib ra tio n a l energy levels is  generally  pertu ibed by 
mechanical anharmonicity. Overtone phenomena in  the c ry s ta l 
s ta te  are ra re ly  discussed a t  any length in  the l i te r a tu r e ;  and 
not always are the conclusions c lea rly  put. Tlie remainder of 
th is  appendix w ill  therefo re  describe a q u a lita tiv e  p ic tu re  of 
the s itu a tio n .
Before leaving the lib ra tin g  e ll ip so id , i t  should be
appreciated th a t th is  treatm ent assumes a& and ac to  be constant
during the l ib ra tio n . In the case o f a lib ra tio n a l mode in
which the shape o f the p o la r is ib i l i ty  e ll ip so id  changes during
the l ib ra tio n , <*a and «c in , fo r  example, equation (6) could Twell
change in  such-a manner as to  give r is e  to  fundamental a c t iv i ty  in
I and I . zz xx
B(b) Multiphonon Processes in  Crystals
Tlie ex c ita tio n  o f overtones in  diatomic and polyatomic
molecules is  described by Herzberg (1945, 1950). The theory i s  a
mixture of the c la ss ic a l and the quantum p ictu res in  which, by
v ir tu e  o f e ith e r  mechanical or e le c tr ic a l  n o n - lin e a r it ie s , the
molecule can absorb energy quanta o f approximately w° where n
r~ 'is  tlie order o f tlie process. As thew firs t process is  lab e lled  
mechanical anhaimonicity , fo r the values o f n are usually  not
quite  in te g ra l ,  the second process is  ca lled  e le c tr ic a l  ariharmon- 
ic i ty .  The energy levels involved are d isc re te  and generally  few 
in  number. One can extend tlie basic  p ic tu re  by finding th a t the 
sign o f the mechanical anharmonicity depends upon the departure 
o f the p o ten tia l energy curve from the quadratic shape o f a 
harmonic o s c i lla to r . Thus while s tre tch in g  modes are l ik e ly  to 
be negative in  anharmonicity, symmetrical bending modes can lead 
to  p o sitiv e  anharmonicity. For examples o f  the l a t t e r ,  \>2 in  
CS2 is  396.7 a if* , and thus 2v^ *= 793.4 ,cnf*. The overtone 
appears a t  796.0 cnf* (Herzberg, 1945). Witli frequencies o f 
506 (v^) and 1026 cnf the same phenomenon is  found in  cyanogen.
C rystals contain very large numbers o f  id en tica l v ib ra tin g  
e n t i t ie s ,  so th a t the combination o f th e i r  energy levels i s  smeared 
in to  energy bands, and these are separated by foxbidden energy 
bands. In the case of v ib ra tio n a l modes the energy (or frequency 
to) o f a quantised v ib ration  (called  in  th is  case a phonon) is  
re la te d  to  i t s  wavelength (or wavevector k) by dispersion curves, 
such as those of figure B.2 .
FIGURE B . 2 T heoretical d ispersion  curves fo r  the longitudinal 
modes of an in f in i te  one-dimensional l a t t i c e  w ith a non- 
homonuclear diatomic basis-. The c e l l  constant is  a . 
(Blakemore 7970) CaJ
The number o f possible values o f k i s  equal to  the number o f  
degrees o f  freedom (or v ib ra tio n a l modes) contributed to  the 
system by a l l  the e n ti t ie s  w ithin  the c ry s ta l. Since a photon 
ca rries  neg lig ib le  momentum, i t s  wavelength is  veiy la rg e , and i t  
can. only be converted in to  a phonon w ithin the c ry s ta l a t  very 
small values o f k , where corresponding atoms in  a l l  u n it c e l ls  o f 
the c ry s ta l  move su b s ta n tia lly  in  phase* This fa c t has been used 
in  e a r ly  chapters here to  explain how a p a ir  o f links in  a chain 
o f molecules may ac t ^s)spectroscopicallyj(a pseudo dimer* Note 
th a t th is  f i r s t  order theory o ffe rs  no mechanism fo r the propagation 
o f a phonon a t  any overtone frequency. Only fo rtu ito u sly  could th e re , 
fo r  example, be an add itional d ispersion curve onto which a phonon 
o f k - 0 and w >  2uQ be p lo tted . As in  an iso la te d  molecule, 
th e re fo re , tire absorbed overtone energy must re s u l t  in  an increase 
o f v ib ra tio n a l amplitude fo r an ex is tin g  mode o r modes. In  the 
iso la te d  molecule, tlie molecule can be excited  to  h igher energy 
s ta te s .  In the c ry s ta l the energy must be shared between a 
number o f d iffe re n t phonons. This d ifference in  mechanism brings
with i t  a re laxation  of the k ~ 0 r e s tr ic t io n  fo r  a sing le  phonon.
Instead , one now has Ik « 0 fo r  the phonons generated. This i s  
e a s ily  met by, fo r  example, two phonons propagating in  opposite 
d irec tio n s , so th a t k^ « k^ may now take on any value w ith in
7T 7T 2 ITtlie zone boundaries -  ~  < k < — (where k « — ) • Spectroscopy
examines a s t a t i s t i c a l  sum o f such events, and so w ill  observe a 
spread o f frequency in  the overtones over the f l a t t e r  regions o f 
tlie d ispersion  curve where the density  o f s ta te s  is  h ig h es t, i . e .  
generally  towards zone centre and towards zone boundaries. In 
consequence, new multiphonon frequencies may appear o p tic a lly  
corresponding to  zone edge phonons, together with zone centre  
phonons th a t are now s t a t i s t i c a l ly  weighted a l i t t l e  away from 
k “ 0 . While-the breadth o f multiphonon bands is  frequently  
mentioned, th is  source o f anharmonicity has not (by th is  author) 
been seen mentioned in  the l i te ra tu re .
Poulet and Mathieu (1970) say a l i t t l e  on p*279 about the 
anharmonic mechanisms. D irect c reation  o f two phonons from a
sing le  photon as described above, they regard as occurring when 
the re la tio n sh ip  between p o la r is ib i l i ty  and the normal co-ordinate 
is  non-linear. 'This.author has already given an example of th is  
e le c tr ic a l  anharmonicity in  section  (a) above# This mechanism is  
possib le  even when there is  no o p tica l a c tiv i ty  in  the f i r s t  
order spectrum, fo r example where the phonons are acoustic*
For the case o f mechanical anharmonicity, which depends on 
the p o ten tia l function, they do in  fac t invent a f ic tic io u s  phonon 
of the overtone energy contributed by the photon# They make no 
comment about the co n stra in t mentioned above th a t th is  phonon 
cannot propagate# In consequence, i t s  conversion in to  the two 
propagating phonons they specify must by im plication be immediate, 
so th a t there seems l i t t l e  po in t in  having introduced i t  here#
For th is  mechanically anharmonic mechanism they add the r e s t r ic t io n  
th a t only i f  there is  a f i r s t  order spectrum w ill there  be a 
second order spectrum. Although Poulet and Mathieu say th a t  in  
both cases the phonons may assign themselves to  o p tic a l and
acoustic  modes unreservedly, th is  is  c le a rly  not the case fo r  tlie
second mechanism h e re , i f  th e ir  e a r l ie r  condition holds. Acoustic 
phonons, which have no f i r s t  order o p tica l spectrum, could not in
th a t case give r is e  to  a second order spectrum.
Appendix C
FREQUENCY RATIO CALCUMTIQNS
C (a) An Elementary Calculation o f the Frequency o f the Inactive  
(A2 J  In-plane T orsional l*fode of the Squarate Ion
I t  is  possible to  calcu late  an approximate value fo r  the 
frequency o f the inactive  mode from the observed frequency 
o f mode These two modes are the (plus ro ta tion ) and 
o f I to  and West (1963).
|
i
Figure C .l
S tr ic t ly ,  S^ and S  ^ mix to  give and v^; but since the 
frequencies and are well separated (1123 and 294 cm"*^), one 
can make a gross approximation th a t the C -  C bond s tre tc h  con­
tr ib u tio n  (S4) to v6 is  neg lig ib le .
is  read ily  evaluated since the carbon atoms are (almost) 
s ta tio n a iy  while the oxygen atoms p ivo t around them. Using b fo r  
tlie caibon oxygen bond length, k fo r the angular deformation force 
co n sta it aid  M fo r the oxygen mass, tlie frequency v6 i s  given by
x6 = k/C^.b2 (1)
—  a —3M*4-— b 
XXY Y
Figure C.2
2 -The mode of cyanogen, analogous to  Vg in
The to rs io n a l mode Vg is  somewhat more involved in  th a t a l l  atoms 
move, but the normal mode o f in te re s t  is  th a t  fo r which there  is  
no ro ta tio n . Hie symmetry is  such th a t the model can be divided 
in to  two id en tica l p a rts  v ib ra ting  in  phase bu t not in te rac tin g  
mutually. Taking ju s t  tlie horizon tal section  shown in  the diagram 
above, tlie mode is  analogous to the mode o f  an YXXY lin e a r  
te tra-a tom ic  molecule , such as cyanogen. Herzberg (1945) gives the 
formula fo r  tlie frequency o f th is  mode on page 181, and th is  may 
be more conveniently rew ritten  in  terms o f  the diagram above a s :
55 & (a + b)
i V MX
a (2)
Herzberg* s own comment is  th a t i t  is  "very easy to  fin d  tlie re la tio n ­
ship between tlie in te rn a l co-ordinates and the symmetry co-ord inates, 
and to s e t  up the secu lar equation". He therefore  gives the re su lts  
only. I t  is  possible  to  v erify  h is  formula as follow s, using the 
diagram above as before.
For no ro ta tio n
a q■ « (b + a) p o r more conveniently
(3;iy
Hie p o ten tia l energy is  then given by
and the k in e tic  energy is  given by
T -  P2.^  + q2^  = i 2 (o2^  + M*. )
.  - ■ ' 2 As the only co-ordinate involved now is  q, tlie {frequency) may
be found by simple r a t io  
a2My + Mx
Use of equation (3) enables a to  be elim inated, and the expression 
then s im p lifies to  (2) alone, From (1) and (2) is  obtained the 
square o f the frequency ra t io
+^ )
I f  th is  i s  evaluated fo r = 16, ^  -  1 2 , 'a -  1 .0 &  b = 1.26A,
one obtains
Xg/Xf = 7 .6 , and hence 
Vg/v^ = 2.75
In dipotassium squarate the band a t  304 oif* has been assigned to 
v^. The ca lcu la tion  above, which ignores Oj . . .  0 ^  in te ra c tio n s , 
suggests th a t the inactive  mode Vg should have a frequency o f about 
838 cnf
C(b) An elementary C alculation o f the Ratio of the Frequencies 
o f the Out-of-plane Modes and
In these two modes the ring  o f tlie squarate ion i s  not
d is to rte d , to  a f i r s t  approximation, is  mixed by symmetry,
.only "with an external tra n s la tio n a l mode of the ion, while
mixes correspondingly w ith two of tlie l ib ra tio n a l modes. For a 
free  ion i t  would be of course leg itim ate to  ignore th is  mixing 
when ca lcu lating  the in te rn a l mode frequencies. Since the 
assignment o f an observed band to  is  less c e rta in  than th a t
of the 652 -  666 cnf ^  doublet to  v ^ ,  i t  is  convenient to  use
th is  ca lcu la tion  as a means fo r  ca lcu lating
Again a convenient model is  the cyanogen molecule of 
Herzberg (1945). Herzberg1s corresponds to  the squarate mode
V1P  v5 corresponds to  the squarate mode
Converting h is  formula again in to  the q u an titie s  used in  the
diagram of tlie previous sec tio n , one obtains as in  (2)
" 7 7  * $  “ J11 
+* i l  + 1 \ is 
V b 2
Hence, by ra tio
a2 I A + A I 2
x / x4 11
My./ a 0 ^  + My)
( , ^ .  f * ) ^ )
l
Using the same numerical q u an titie s  as befo re , one obtains
X4/XH 85 0.307 and thence the frequency ra t io  -
-1This ca lcu la tion  tlierefore suggests a frequency o f  365 cm fo r  
tlie out o f plane mode v^, in  the absence o f any ex ternal in te r ­
actions.
0.554
Appendix D
MECHANICS .ANALOGUES-OF HIE SQUARATE ION 
D(a) External Perturbation  o f an O sc illa to r
I t  is  possib le  to envisage a crude s iso la tio n  o f the 
iso la ted  squarate ion th a t represents in  tu rn  any one o f a 
number o f  the symmetry nodes* Hie model need contain only one 
of the four C -  0 u n i ts , since i t  can be supposed th a t fo r any 
one symmetry node the bonding of one such u n it to  the remainder 
o f the ion can be represented by a spring attached to  a fixed  
po in t; The compliance o f th is  spring then depends upon whether 
tlie ring  is  being stre tched , deformed o r tra n s la te d  during the 
v ib ra tio n a l cycle* The force constant chosen fo r the C -  0 
bond depends upon whether the bond is  being stre tched  o r deformed.
Considering the C -  0 s tre tch in g  modes only, the model is  
of tlie kind:
• i
 ' .1I
Figure D*1
From tlie equations o f simple harmonic motion one can then derive 
th a t  the normal frequencies of v ib ra tion  and the normal co-ordinates 
w il l  be so lu tions o f tlie equation:
I f  the so lu tion  is  to  apply to  one quarte r o f the squarate 
ion , then one may assume th a t m^  « 12 amu and s 16 amu. Hie 
c h a ra c te r is tic  frequencies are then given by the equation:
96(p + 7 ± 16
2 1 I 2 1
+ 49
Tnis param etric re la tionsh ip  is  p lo tte d  in  Figure D.2 , where i t  
can be seen th a t there are the e je c t e d  two solu tions fo r  any 
p a r t ic u la r  r a t io  o f k^/l^  • For k-j/l^ -  0 , one o f the so lu tions 
has the expected value o f A = 0 , because tlie model reduces to  a 
free  diatomic molecule fo r  which one mode is  a tra n s la tio n . For 
k^/k2 in f in i te  t i e  lower frequency mode closes to  t i e  asymptote as
A , where 16A « lc>.00 2
By taking g rea t l ib e r t ie s  w ith t i e  symmetry modes o f the 
squarate ion one may in te rp re t seven o f them in  terms o f the 
model. V p Vg and w ill appear on the higli frequency limb of 
t i e  graph, and and v^q on the low frequency limb. A dditional 
information on k-^  cones from and which to  a f i r s t  approx­
imation are ring  s tre tch in g  modes only. In the f i r s t  five  modes 
t i e  C -  0 s tre tc h  is  combined both in-phase and antiphase w ith 
the s tre tc h , the defoimation or the tra n s la tio n  o f the ring  
in  tu rn . The measured frequencies o f  the normal modes can be 
rounded a l i t t l e  fo r convenience in  ca lcu la tion :
Table D.l
1110 ; V2 720 : 1800
1090 : v^q 640 : Vg 1600
Vj 0 : v^2 1520
As t i e  ring  s tre tc h  symmetry modes and are no t normal modes 
by taking the mean of and one obtains only an approximate 
ring  s tre tc h  force constant fo'r m -  12, of k-^  -  8.47 md/A by the
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F IG U R E  D .  2 F r e q u e n c y  d i a g r a m  f o r  th e  G —C 
s t r e t c h  m o d e s  o f  a tw o  f o r c e  c o n s t a n t  m o d e l  o f  
the  s q u a r a t e  io n .
I .
9
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<£> — 
100
use o f the equation v = 1300 A . A comparison between model and 
ion mode shows th a t th is  force constant i s  twice any sing le  
C -  C s t r e td i  force constant, and a value o f k^/2 « 4.24 md/A is  
then appropriate fo r  the whole bond.
Approximating to a diatomic molecule s tre tc h  as 
previously suggested one can obtain a s im ila rly  approximate
1 *7 Tfi
force constant fo r  the C -  0 bond s t r e td i ,  where y = amu*
lc2 * 177” x 10 53 9*32 md/A
■ \
Hence fo r  ion s tre tch in g  - 0.91.
2 ,
From the chart one can estim ate th a t a t th is  value o f k ^ / l^ ,
96X/k2 ~ 2.2  o r -  19
i . e .  = Of214 and = 1.S5 
-1
Hence v^ = 600 cm , and -  1770 cm .
Considering the crud ity  o f  the model these are to le rab le  
f i t s  to  the measured frequencies o f V2 -  720 cm"* and - 1800 cm"^
I t  would of course be possible to  find  an ’effective* mass fo r
e ith e r  the oxygen atom or tlie carbon atom which made the 
frequencies f i t  more c lo se ly , but there i s  no physical ju s t i f ic a t io n  
fo r  so doing. Indeed, i t  is  always, and is  obviously more lo g ic a lly  
tlie force f ie ld s  in  molecular models idiich require elaboration*
In the case o f th is  simple analogue, the force f ie ld  
fea tu re  th a t is  so obviously missing is  a coupling between the 
ion and i t s  environment* In the so lid  s ta te  the ou ter atoms, 
those o f oxygen, have a small bu t s ig n if ic a n t e la s t ic  coupling k^ 
both to  the water molecules and to  the o ther ion ic  contents o f the 
u n it c e l l ,  including tlie remainder o f  the squarate ion i t s e l f .
Hence the model should be th a t o f Figure D. 3.
with, an equation
Figure D.3
kl  + k2 
“l
1
X1 X 0
r 1 
*1
" k2 
_  1112
k2 + k 3 
“ 2 *2
0 X
.A
The roots are given by
, ,  _ kl  + k2 , k2 + k3 , ZA -  -----—------  + ------ - ----  ±
“ 2
fkl  + k2 k2 + k3
”2
+ 4
Quite a small value o f s t if fn e s s  w ill ra ise  X-^  by the few per­
cent needed to  match the measured value fo r  v^. This added s t i f fn e s s  
w ill  however contribute more s ig n if ic a n tly  to  where a la rg e r  
increase i s  needed. For example i f  one takes the following force 
constants k^ 3 8.5 md/A together with the co rrec t atomic masses as 
^2 a 9.5 md/A ■ 
k3 = 1.5 md/A
before, then A^  -  1*89 and ^  43 0 .30; whence one obtains = 1786 
and V2 = 714 a if^ . Tie v^, problem is  however now underdetermined 
as f a r  as data is  concerned, so th a t many possib le combinations o f 
three force constants may provide the too co rrec t so lu tions required .
The e laboration  o f  the exercise does however demonstrate th a t a 
three force constant model i s  num erically adequate to  the s i tu a tio n , 
whereas a two force constant model c lea rly  was only q u a lita tiv e ly  
co rrec t.
To solve the s im ila r problem fo r  Vg and v^q requires a 
d iffe ren t value fo r  k p  bringing the to ta l  number o f force constants 
to  four. The combined problem is  '"therefore in  p rin c ip le  fu lly  
determined, though w h e th erin  fa c t there is  a numerical so lu tion  
°£ sa tis fa c to ry  f i t  has not been investiga ted . Taking say k^>  4.5 
md/A fo r  the rin g  deformation, then one obtains XQ = 1*65 and 
Xi0  “ 0.20; whence Vg a 1670 and v^q « 587 cm . These values 
are too fa r  ap art, and th is  ind icates th a t the common values o f  
I<2 and k^ are not as good a choice fo r and v^q as they apparently 
are fo r  and As tlie original, values fo r  k^ and k£ were 
obtained on the basis o f somewhat dubious assumptions tills  i s  only 
to  be expected.
I t  can be concluded th a t tlie proposed two force constant 
model provides only a q u a lita tiv e  explanation fo r  the in-plane 
C -  0 s tre tc h  modes o f the squarate ion* In q u an tita tiv e  terms 
i t  cannot provide as low a r a t io  (2.5:1) o f the frequencies o f 
v^:v2 as is  measured experim entally. The device of supposing the 
oxygen atoms to  be coupled weakly to  th e i r  environment introduces 
a th ird  force constant* This allows a numerical f i t  to  the data  
to  be obtained fo r  and V2 > and modifies the tra n s la tio n  
im p lic it in  Figure D.2 a t  X = 0 to  become a low frequency l a t t i c e  
v ib ra tio n a l mode.
The lower diagram o f Figure D.2 may also be used to  d isp lay  
the frequencies o f 'th e  out-of-plane modes v^, Vy and Vg* In th is  
case in  tlie model is  the ring  pucker force constant , and k2 i s  
the  out-of-plane ring  C -  0 bend force constant. Vg then replaces 
v^q on the diagram, Vy replaces Vg and replaces As none
o f the  observed bands can be assigned to  these modes w ith 
ce rta in ty  on the  present evidence, one can only draw the q u a lita tiv e  
conclusion th a t Vy > > Vg.
■D'(b) Mutual Perturbation of Two Coupled O sc illa to rs
Hie formula fo r  the th ree  spring  o s c i l la to r  may a lso  be 
used to  demonstrate the repulsion e ffe c t as two separate o s c i l l ­
a to rs are coupled. In Herzberg (1945) page 216 and Herzberg (1950) 
page 282 the sub ject i s  tre a te d  as a perturbation  o f energy 
d ire c tly  and S tra tfo rd  (1970) expounds th is  in  d e ta i l .  For 
s im p lic ity  here , the two masses are taken to  be equal (m^  ~ n ^ ) ; 
the force constants k^, k^ almost so , (k^** k^) * Ak; and ^  
sm aller than e ith e r  kjj o r k^.
For equal masses m^  the formula becomes:
2mA = k j + 2k2 + k3 ± I -  k3) 2 + 4k22
(
?
Then i f  XQ is  taken as a (mean frequency) such th a t  2mX = k^ +
2k0 + k~, and the s h i f t  X -  s  AX then l  j o
/ \ i
2mA\ = ± I(4k) 2 + 4k, 2 I (1)
From th is  r e s u l t ,  which so f a r  has su ffered  no approximations, 
one may take as the s h if ts  o f e ith e r  repulsed frequency inrterxns 
o f  X:
AA 4 i ( m 2 + * * y \  (2)
The resenblance to  Herzberg1s formula (11.291) is  now apparent.
I t  i s  sometimes taken th a t  k£ «  Ak (Herzberg 1945), and an 
approximate formula resu lts*  In the case o f  and in  Me 
compounds studied  here , k2 is  o f tlie same order o f  magnitude as 
Ak, so formula (2) must be used.
In th is  analysis provides the  unperturbed da ta
fo r  two uncoupled o sc illa to rs  which may be taken as = 1112 cnf 
F rb m th is  k, 55 mX*, -  m fr* 5  \2  and . 1092 c m  *
v13 ?
k3 “ = m > giv“ g
o
; Ak *= k^ -  kg e 0.304 md/A,
The perturbed data  i s  provided by squaric  ac id , k ^ C ^ ,  where 
= 1176 cnT^ and v-^ -  1052 aif^*,
m ( v r  —  v . j  < » )  ( V q  ■ +  v *
From th is  2mAX ~ — — ---------------- -=—
(1303)
= 1*952 md/A
Inserting  these two re su lts  in  formula (1) above, one obtains 
k2 -  0,965 md/A.
Hius k2 is  about th ree  times Ak, so th a t the e a r l ie r  s ta te ­
ment, th a t the approximate formula would no t hold , is  co rrec t, 
k2 i s  a credible  order o f  magnitude le ss  than tlie separate  
o s c i l la to r  (C -  C s tre tc h )  force constants, and is  o f the same 
order o f magnitude as tlie environmental constant kg o f  the  
e a r l ie r  problems in  th is  appendix. The physical meaning o f  th is  
coupling cross term 1^ 2 is  not e n tire ly  c le a r . However , in  the 
symmetry mode Vg, i f  the sk e le ta l symmetry is  lowered to  C2V by 
shortening any one C -  C bond, the ring  becomes deformed 
during tlie v ib ra tio n . This would provide coupling to  v-^g, in  
which the ring  always su ffe rs  some deformation. k2 then rep resen ts 
the to ta l  e ffe c t o f a l l  such in te rac tio n s^  bu t a simple analysis 
l ik e  the model above provides no ind ica tion  as to  which in te ra c tio n s  
are the important ones.
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[CONTRIBUTION FROM THE DEPARTMENT OF ClIKMlSTRY, THE UNIVERSITY OF W ISCONSIN, M a DISON 6 , W lS .]
New Aromatic Anions. IV. Vibrational Spectra and Force Constants for C40 4~2 and Cs0 5
B y  M i t s u o  I t o  a n d  R o b e r t  W e s t
R e c e iv e d  F e b r u a r y  2 2 , 1963
T h e  in fra red  s p ec tra  o f solid K 2C tO( and  K 2C60 5 an d  th e  R a m a n  s p ec tra  of th e ir  aq u e o u s  so lu tio n s  h av e  been 
in v e stig a ted . T h e  sp e c tra  in d ica te  p la n a r  sy m m e tric a l s tru c tu re s  (D u. and  Du.) for tlie  ions. V ib ra tio n a l 
a ss ig n m e n ts  w ere m ad e  on th e  basis  of these  s tru c tu re s  and  a  no rm a l c o o rd in a te  t r e a tm e n t  w as ca rried  o u t 
u s in g  a U re y -B ra d le v  force field. T h e  re su ltin g  force c o n s ta n ts  su p p o rt th e  view  th a t  th e se  ions c o n s ti tu te  
m em b ers  of an  a ro m a tic  se rie s.'■*
T h e  C i.O , , - 2  ser ies  o f io n s  is o f in ter e st  in th a t  it  has  
r ec e n tly  been  reco g n ized  a s  a n ew  c la ss  o f a ro m a tic  
s u b s ta n c e s . ' - 2 In 1958. H ira ta  an d  h is  co -w o rk ers  first 
su g g ested  th a t ,  th e  cro c o n a te  ion  CsO s- 2  h a d  a  s y m ­
m etr ica l r eso n a n ce -s ta b iliz ed  s tru ctu re . T h is  c o n c lu ­
sion  w as b ased  m a in ly  on  th e  o b se rv a t io n  th a t in  th e  in ­
frared  sp e ctra  o f cro co n a te  sa lts , n o  a b so rp tio n  occu rred  
in  th e  reg ion  near 1700 c m . - 1  n o r m a lly  e x p e c ted  for  th e  
. C — O -grou p , b u t in s te a d  a v e r y  broad  ban d  w a s  fou n d  
a t  lo w er  fr e q u e n c y . 3 S im ila r  o b se r v a t io n s  on  th e  d ia n ­
io n  o f-d ik c to c y c lo b u te n e d io l. C 40 4~ 2, b y  C oh en , L ach er, 
an d  P ark  led  th em  to  p ro p o se  a p lan ar  reso n a n ce-  
.s ta b ilize d  s tr u c tu r e  for th is  a n io n  a ls o . 4
T h is  p ap er  rep o rts  a  m ore  c o m p le te  in v e s tig a tio n  of 
th e  R a m a n  an d  in frared  spe.ctra for C 40 4“ 2 a n d  CsO s ' 2 
ion s, u n d erta k e n  to  p r o v id e  d e fin ite  ev id e n c e  for th e  
str u c tu r e s  o f th o se  an io n s. A n orm al c o o rd in a te  tr e a t­
m e n t h as b een  carried  o u t  on  th e  v ib ra tio n a l d a ta . T h e  
r esu lt in g  force c o n s ta n ts  p ro v id e  e v id e n c e  co n cern in g  
th e  n a tu r e  o f t lie  b o n d s in  th e  tw o  an ion s.
Experimental 
P re p a ra t io n  of sam ples used  in th e se  s tu d ie s  is described  else­
w h ere .I5 -6 *
R a m a n  S p e c tra .— A C ary  m odel 81 a u to m a tic  . reco rd ing  
R am an  sp ec tro p h o to m e te r  w as used to  d e te rm in e  th e  sp ec tru m  of 
solid  K -C )O i an d  a  10%  by  w eigh t aq u eo u s so lu tion  of th is  s a lt . 
R h o d am in  5 -G D X  e x tra  an d  W ra ttc n  2A filters w ere used to  re ­
m o v e  u ltra v io le t lig h t. T h e  re su lts  o b ta in ed  a rc  show n in th e  
firs t co lu m n  of T a b le  1. , .
■ T a b l e  I
V ib r a t io n a l  F r e q u e n c ie s  o f  t h e  C<04-2 I o n
color in so lu tio n , th e  5101 A . m e rc u ry  line w as u sed  for e x c ita t io n . 
O th e r  ex p e rim en ta l co n d itio n s  w ere as  described  by  M ille r an d  
C a r lso n .9 R esu lts  a re  g iven  in T a b le  I I .
R am an, 
cm. ~l
294w d p
647s dp  
(6 62 )vw “ 
723s p
1123vs dp  
1329vw
In frared , 
Qm. “l
259s
350m
1090s
A djustm ent
(Dih)
v , ( A 2u )  o u t - o f - p l a n e  C O  b e n d i n g  
*,6( B ik )  i n - p l a n e  C O  b e n d i n g  
»-i , ( E u ) i n - p l a n e  CO b e n d i n g  
H o f B ’g )  r i n g  b e n d i n g  
r i i ( E e ) o u t - o f - p l a n e  C O  b e n d i n g  
^ ( A i s )  r i n g  b r e a t h i n g  
n ifE u )  C C  s t r e t c h i n g  
p-ifBig) C C  s t r e t c h i n g
ft + u^ '
v i2( F . „ )  CO  s t r e t c h i n g  
I's.fB^) C O  s t r e t c h i n g
n ( A , K) C O  s t r e t c h i n g
Vi +  F|1 • '
1530vs, v. b road  
1593s d p  ■
1700vw
1794w p
*2200w
“ O bserved  on ly  in th e  so lid .
T h e  R am an  sp ec tru m  of K ..C .-.0 :,  w as o b ta in ed  on a  7 %  by  
w eight aq u e o u s  so lu tio n , using  a  sp ec tro m e te r a t  th e  M ellon  I n ­
s t i tu te  in  P ittsb u rg h , I’a .7-8 B ecause cro co n a te  ion has  a  yellow
(1) n .  W est, H . Y. Niu. D. L. Powell, and M. V. E vans, J .  A m .  Chem.  
Soc. .  £2, 6201 (1900). - . . .
(2) R . W est and D. I.. T W ell, i b i j . .  63, 2.377 (1603).
(3) K. Y am ada. N. Mizmm, and Y. H irata , Bull. Chem. Soc.  J a p a n ,  31,: 
543 (1958).
(4) S . Cohen. J. K. I.acher, and J . D. Park, J .  A m .  Chem. S o d ,  81, 3480 
(19.30).
(.3) R. West, II. V. Niu. and M. tto . ibid..  85, 2.384 (1903).
(G) TI. Y. Niu, Thesis, U niversity of Wisconsin, 19G2.
(7) F. A. M iller and R. G. Inskeep. J .  Chem. Phys. .  18, 1.319 (10.30).
(8) F. A. M iller. L. R. Cousins, and  R. I). H annan, ibid. ,  23, 2127 (19,3.3).
T a b l e  I I
V i b r a t i o n a l  F r e q u e n c i e s  o f .  t h e  C iO ,V I o n
R am an, In frared ,
cm.
248s350vw
374m
Assignment
(D ,h)
v4( A " )  o u t-o f-p la n e  C O  b en d in g
jo( E i ' )  in -p lan e  C O  b en d in g
555s d p  i’ii(E 2')  r in g  b en d in g
637m  p viCAi') r in g  b re a th in g
795w v, +  vn *
llOOw v6( E i ')  C C  s tre tc h in g
1243m  cfp *r,0( E s ')  C C  s tre tc h in g
1325w i-,
1570vs, v . b ro a d  t>2( E ; ')  C O  s tre tc h in g
1591s d p  • v9( E 2')  C O  s tre tc h in g  ’ ! ,
166Qw >/,i -f- v6 ■ -
1718w p »>,( A / )  C O  s tre tc h in g
1740w » -f- ve J .
2120vw  vn
3150vw  r-s +  f i  o r  2  X  r i  - ;
In f ra re d  S p e c tra .— A B a ird  m odel 4-55  in fra re d  s p e c tro m e te r  
w as u sed  for th e  so d iu m  ch lo rid e  reg io n , a  B ec k m an  m odel IR -4  
w ith  a  cesium  b ro m id e  p rism  w as u sed  fo r th e  reg ion  6 6 0 -3 0 0  
c m .-1 , a n d  a  sm all g ra t in g  in s tru m e n t  a t  th e  M ellon  I n s t i t u te  
w as.u sed  fo r th e  reg ion  3 0 0 -1 8 5  cm . - l .l° T h e  sp e c tra  of th e  so lid  
p o ta ss iu m  sa lts  w ere o b se rv ed  as  m u lls  in  N u jo l. T h e  re s u lts  o b ­
ta in e d  a re  given  in th e  second  co lu m n  of T a b le s  I a n d  I I .  T h e  
sp e c tra  of K 2C 404 a n d  K 2C ;,05 a re  v e ry  sim ila r a n d  a re  q u ite  
s im p le , show ing on ly  fo u r  s tro n g  b a n d s  , o v e r th e  e n tire  
ran g e  from  200 to  4000 c m ." 1. T h e  b a n d  n ea r 1500 c m . -1 .is v e ry  
s tro n g  a n d  ex trem ely  b ro a d ; th is  ty p e  of a b s o rp tio n  is c h a ra c te r ­
is tic  of sa lts  of th e  C nO „ -2 ions .
T h e  in fra re d  sp e c tra  of X a 2C 40 4 a n d  XaeCsOs »vere a lso  s tu d ie d  
b rie fly . T hese  sp e c tra  w ere  g en e ra lly  s im ila r to  th o se  of th e  co r­
resp o n d in g  d ip o ta ss iu m  s a lts ,  b u t  co n ta in e d  a  few  e x tra  b a n d s . 
I t  th e re fo re  seem ed like ly  th a t  th e  local sy m m e try  of th e .a n io n s  
w as low er in th e  so d iu m  th a n  in th e  p o ta ss iu m  s a lts ,  a n d  i t  w as 
a ssu m ed  th a t  th e  sp e c tru m  of th e  la t te r  w ould  m o s t n e a rly  r e p ­
re s e n t th a t  of th e  an io n  itse lf.
V ib ra tio n a l A ss ig n m e n ts .— A ssig n m en ts  w ere  m a d e  o n  th e  
b asis  of D u .a n d  D 5i, s y m m e try  for C 40 4- 2 a n J  C 5O 0- 2 , re sp ec tiv e ly  
(see D iscussion  sec tio n ) . T h e  d is tr ib u tio n  of n o rm a l v ib ra tio n s  
am o n g  v ario u s  sy m m e try  species, th e ir  a p p ro x im a te  v ib ra tio n a l 
m o d es, an d  th e  se lec tion  ru le s  a re  g iven  fo r C 40 4-2 a n d  C 5O 5-2 in 
T a b le s  I I I  an d  IV7.
( 1) C iCb-2 Io n . A|„ S p e c ie s .— T h e  to ta l ly  s y m m e tr ic  v ib r a ­
tio n s  a rc  easily  iden tified  from  th e  p o la rized  R a m a n  lines w hich  
fall a t  723 an d  1794 c m .-1 . T h e  fo rm er is a ss igned  to  th e  rin g  
b re a th in g  v ib ra tio n  i>2 a n d  th e  la t te r  to  th e  sy m m e tr ic a l CO 
s tre tc h in g  v ib ra tio n  v\. A to ta lly  s y m m e tr ic  fu n d a m e n ta l v ib ra ­
tio n  u su a lly  gives a  s tro n g  R am a n  line b ec au se  i t  is g en e ra lly  a c ­
co m p an ied  w ith  a g re a t ch a n g e  in p o la r iz a b i lity . H o w e v er, in  
th e  C iO t -2 ion , th e  vj v ib ra tio n  of 1794 c m . -1 w as o b serv ed  as  a  
r a th e r  w eak R am an  line . A n u n u s u a l w e a k  R a m a n  in te n s ity  tvas 
also  observed  for th e  co rre sp o n d in g  to ta l ly  s y m m e tr ic  v ib ra t io n  ' 
of th e  CjO.i -2 ion.
B,„ S p ec ie s .-—T h e  v ib ra tio n s  in  th is  species, vj a n d  ^6, a r e -  
a c tiv e  o n ly  in th e  R am an  sp e c tru m  a n d  th e  c o rre sp o n d in g  R a m an  
lines shou ld  be d ep o la rize d . A s tro n g  R am an  line  of 1123 c m .- ! 
is rea so n ab ly  assigned  to  th e  C - C  s tre tc h in g  v ib ra tio n  T h e  
in -p lan e  CO  bend ing  v ib ra tio n , iv,, w ill be ex p ec ted  to  g ive 
th e  low est frequency  in  th e  R a m a n  s p e c t ru m , a n d  a  R a m a n  line 
of 294 c m . -1 w as assigned  to  th is  m ode .
(0) F. A. Miller and G. L. Carlson, Spe c trn e h im .  A c t a , 17, 977 (19G1).
(10) F. A. M iller. G. L. Carlson. and W. 11. W hite, ibid. ,  18, 709 (1050)
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XORMAt. VIBRATIONS OF THE C 4Oi " 2 ION
Sym m etry
species * Selection
Num ber 
of normal
(Dih) rule vibration V ibrational mode
A ir R -(p ) - pi S y m m e tr ic a l C O  s tre tc h in g
A zz In a c tiv e
M
Vi
R ing  b re a th in g  
In -p la n e  CO  b end ing
Asu I .R . Vi O u t-o f-p lan e  C O  b en d in g
S ir R .(d p ) vb C C  s tre tc h in g
Biu In a c t iv e
16
P7 :
In -p la n c  CO  b en d in g  
O u t-o f-p lan e  CO  b en d in g  '
1'8 R ing  tw is tin g
R .(d p ) V9 CO  s tre tc h in g
Fig R .(d p )
M0
I'll
R ing  b en d in g  
O u t-o f-p lan e  CO  b e n d in g
E u I .R . • MS • CO  s tre tc h in g
pm C C  s tre tc h in g  
p„ In -p la n e  C O  b end ing
T a b l e  IV
N o r m a l  V m R A T i o s s  o f  t h f .  C sO o- !  I o n
Sym metry
spedes Selection
Num ber
of
normal
funda-
<D5b) rule • mental V ibrational mode
•A ,' R .(p ) Vl S y m m e tric a l C O  s tre tc h in g
A :' In a c t iv e
Vi . 
M
R in g  b re a th in g  
In -p la n e  CO  b end ing
A ." I.R . Vi O u t-o f-p lan e  C O  b e n d in g
H ,' I .R . Vb C O  s tre tc h in g
Vi C C  s tre tc h in g
M In -p !au c  C O  b end ing
E ," R .( d p ) ' Vs O u t-o f-p lan c  CO b e n d in g .
E j ' . R -(d p ) vt CO  s tre tc h in g
^10 C C  s tre tc h in g
Ml R ing  b e n d in g
M2 In -p la n c  CO  b end ing
E . " In a c t iv e M3 R in g  tw is tin g
M« O u t-o f-p lan c  CO  b e n d in g
S y m m etry
T a b l e  V
C o o r d in a t e s  f o r  1n - P i. a n e  V ib r a t io n s  o f  t h e
. . . . . . .  C , ( V 2 I o n
Symmetry
rpedes (D,h) S ym m etry  coordinate
A )e S! . ( AS| +  A.W. -f- A 5j +  AS4) /2
S2 (A/i -f- A/2 -f- A/s -p A/i),/2
A  2g s. 5ft Adi +  Adj . +  A d a .+  A d i)/2
B n s/ 1+  < i< A /()/2
So 4 - -  A d»)/2
'B » s* ( S s \  — A52 +  .A s 3 — A s,)/2
s. — A 0 2  H" Aq3— A « ,) /2
Eu Ss (A t, -  A .O / \ / 2
• S 9 ( A/| -  A /2  -  A /3 -F  A t i ) / 2 \ / 2  — /o (A ai -
A ct> )/2
S 10 J o (A d i -  A d » ) / \ /2
B;k S pecies.— T h e re  a re  tw o v ib ra tio n s  in th is  species, p9 an d  
Pin, and th ey  also  shou ld  give d epo larized  R am an  lines. A 
depolarized R am an  line a t 1593 c m . -1 is read ily  assigned  to  th e  
CO stretch ing  v ib ra tio n  p9. O nly one R am an  line w ith  a m o d e r­
ate in tensity  rem ain s  n n ass igncd , a t 047 c m .-1 , an d  it m a y  be 
assigned t o  th e  r in g  bend ing  v ib ra tio n  p,».
Eu Species.— T h e  v ib ra tio n s  of p|2, pu, an d  ph belong  to  th is  
species and  th ey  a rc  ac tiv e  o n ly  in th e  in fra red  s p e c tru m . T h e  
very strong and  v e ry  b ro ad  in fra red  b an d  cen te red  a t  1530 c m . -1 
ar.d a band a t  1090 c m . -1 shou ld  be assigned to  th e  CO  s tre tc h in g  
vibration pi; and  th e  C C  s tre tc h in g 'v ib ra t io n  pm, resp ec tiv e ly . 
One of tire tw o s tro n g  b an d s  a t  259 a n d  350 c m . -1 shou ld  be ph. 
According to  n o rm a l co o rd in a te  ca lcu la tio n s  for th e  C<09~2 inn , 
pn always has a h ighe r frequency  th a n  P6 for se ts  of rea so n ab le  
values of th e  force c o n s ta n ts . T h e re fo re , th e  350 c m . -1 b an d  
was te n ta tive ly  assigned  as ph.
O u t-o f-P lan e  CO  B end ing  V ib ra tio n s .—-Two o u t-o f-p lan e  CO 
ben d in g  v ib ra tio n s  are  expected  to  a p p e a r  in  th e  s p e c tru m . O ne 
of th e m  is pu of species E , an d  th e  o th e r  is p( of species A.>„. T h e  
fo rm er is R am an  ac tiv e  a n d  th e  la t te r  in fra red  ac tiv e . A v e ry  
w eak  R am an  line of 602 c m . " 1 w hich w as ob serv ed  in  th e  so lid  
s ta te  is te n ta t iv e ly  assigned as ph. In  th e  C I I 3C O O -  io n , th e  
co rresp o n d in g  ou t-o f-p lnne  v ib ra tio n  w as found  a t  616 c m . -1 .11 
A s tro n g  in fra red  b aud  of 259 c m . " 1 w hich  rem ained  n nassigncd  is 
te n ta t iv e ly  assigned  to  p t .
T h e  ass ig n m e n ts  th u s  o b ta in ed  a rc  also  su m m a rized  in th e  la s t 
co lum n of T a b le  I.
(2 ) Cs,0 5 ~J Io n .— O n th e  bases  of th e  close s im ila ritie s  in  th e
se lec tion  ru le s  an d  th e  sp e c tra  betw een  th e  C jO ,~ J a n d 'C jO , -2 
ions , th e  v ib ra tio n a l ass ignm en t for C=,Oj~5 w as c a rried  o u t a long  
th e  sam e lines as ind ica ted  ab o v e  for th e  C iO t ion . T he  a ss ig n ­
m e n ts  o b ta in ed  a rc  given in  th e  la st co lum n  of T a b le  I I .
N orm al C o o rd ina te  T re a tm e n t of In -P la n e  V ib ra tio n s  of th e  
C iO ^-2 a n d  CsO j-2 Io n s .-—.Normal c o o rd in a te  tre a tm e n ts  for th e  
in -p lane  v ib ra tio n s  of th e se  ions w ere ca rried  o u t using  th e  basic  
U re y -B ra d le v  force field. T h e  s ta n d a rd  KG m a tr ix  m e th o d  w as 
used  for th e  ca lcu la tio n  of th e  n o rm a l c o o rd in a te s .12 T h e  in te rn a l 
co o rd in a te s  a re  show n in F ig . 1. By using  th e se  in te rn a l co o rd i­
n a te s , se ts  of sy m m e try  co o rd in a te s  w ere c o n s tru c te d  on th e  basis  
of D a, a n d  Dm, sy m m e trie s. T hese  a re  given  in T a b le s  V a n d  V I, 
w here  th e  co o rd in a te s  di h av e  th e  sam e m e an in g  as  defined  b y  
C raw fo rd  a n d  M ille r ,1’ th a t  is
di = ’A(<f>i ~  4>t)
~ 4><)
A ccord ing  to  C a lifano  a n d  C ra w fo rd ,11 for species co n ta in in g  
r e d u n d a n t ' co o rd in a te s , sy m m e try  c o o rd in a te s  w ere chosen  
o rth o g o n a l to  th e m .
T h e  U re y -B ra d le y  p o te n tia ls  ca n  be expressed  in  th e  form
F o r C iO i -2
4 4 4
2 V  =  Y  [A V oCA rO 2 +  2  J '  A V s o A s ;  +  Y  A '„ ( A / i ) 2 +
. « =  1 » -  J « =  1
4 4 4
2 y ] A'ce'/oA/i +  //eccf/oAoriF -f- 2 £TCCc'fo2Aai +
i = 1 « = 1 i = l
5 5
2 X  //«cV4or+ X  /Aco(roAdi)2 +f= l t= l
5 5
2  Y ,  t f - c o V A d i  +  Y  M ( A t 7 , , „ u i )* +(Agc,oUlP] +
i - l  » = i
5
2 Y  ffW A jvi,,. +  A-jrjoUl) +«' = 1
Y  A0-0 ( A 7 „ .„ .( 1 ) j +  2  t  A 0 0 Vy„nA7 „.0 i i i  +  
i - l  i = l
Y  WA?Yi<s)H 2 Y
i - l  i - l
(11) K. N akam ura, J .  Chem. Soc.  J a p a n .  P u r e  C h em . Sect . ,  79, 1411 
(195S)
(12) E . B. -Wilson, J . C. Dccius, and P. C. Cross, "M olecu lar V ib rations,”  
M cG raw -H ill Book Co., Inc., New Y ork, N. Y.,
(13) B. U. Crawford and F, A. M iller, J .  C hem . P h y s . , 1 1 ,  240 (1040).
(14) S. Califano and B. L. Craw ford, Spec troch im.  Acta .  16, 8S9 (19C0).
4 4 4
; X  tf-o U A d .P  +  2 Y  ^AcoVAdi +  Y  Aco[(A2ciCi>1) 3 +
» -  1 i = 1 i = 1
4 -
(AjtiOj-t)2l +  2 Y  Aco'qcoiAgCj0j + Agc.0j _t ) +
• ' i - l
4 4
"  I « A g „ i. iJ 1 +  2 J  A '}o„A ?.,.l n  +
i = 1 i - l
4 4
'/: E  A ( i ? Vir])! +  E
i - l  » = 1
F o r  C s0 5-S -
r  5 5
2 F = j X  A%„(A.q)!'4-2 X  A'co'joAji +
5 5 .V
Y  A'ccCaa)2 +  2 Y  A'C0%A/i +  Y  /AccUoAai)2 +
i = 1 i - l  i - l
25S2 Mitsuo Ito and Robert West Vol. 85
Sym m etry  species M.>s},)
A,'
ET
0 = 72° 
w here A',.... A',-,-.
S,
s-
S.,
s,
S;.
8,
S; 
P.
s., 
Su-I
ami IL
T a w .i; \ ’I
S V M M E T R V  C O O R D I N A T E S  FO R I n - P L A N K  V l I i K  A T I O N S  O F  T H E  C ; , O i  - l o . V
Sym m etry  cxmnlinatc
(A S | +  A.O -I- A.t;| -)• A j ,  4- A j j ) / \ / o  
( A / ,  - f  A/;. -I A/., A /, +  A A)/\/5 •
s„( A/A -f- Ad.. 4- A/I.i 4- A |i i  -|- A/4; ) / - \ / f )
( A q  4- o > s  c A u  4- c o s  2»;>A.t.i 4- c o s  20 A .q +  c o s  q>.\Si)\/'2/5
0.2533[( I 4- c o s  o ) A/1 4- ( c o s  <t> 4- c o s  20)A /S 4- 2c o s  20A/5 4- ( c o s  ^  4-  c o s  20) A /, +-(1 4- c o s  <5)A fsj
0.701 7/„(A rei 4- c o s  0Are> 4- c o s  20Are.3 4- c o s  20Are( -f- c o s  0A « . - , j \ /2/5 
0.3320x „ f ( l  — c o s  20)A 3;  4* ( c o s  0 — c o s  20)A S3 4- ( c o s  20 — c o s  0)A ;34 +  ( c o s  2<S — 1)A & ]
(A .q  4- c o s  20A.i.. -}-. c o s  0A.r.i +  c o s  0A.T4 4- c o s  20A s5) \ / 2/5
l .023( ( l  4- c o s  2d>)(A/i 4- A /j)  4- ( c o s  0 4- c o s  20) X ( A /;  4-  A /4 ) 4-  2c o s  0A /3]
lofA ori 4" c o s  2<>* Are; 4- A rej) 4" C os 0( A a 3 4'  A « i ) ] \ / 2/5
(>.5.‘?S sg (( 1 — c o s  0) ( A / j;  — A/?s ) 4- ( c o s  20 — c o s  0) X (A /?3 — A & )J
have  th e  u sual n ivanings, Fc„, Fnn, 
a n d  /v,- a re  repu lsion  te rm s  betw een  nonbom lcd  a to m s , s0 an d
<0 a re  th e  bond  d is ta n ces  of th e  CO  a n d  C C  b » n d s , an d  q,.„, q....
an d  q.c a re  th e  d is tan ces  betw een  n o nbonded  a to m s . T lie  linear 
te rm s a re  in d ica ted  w ith  a p rim e . T he  p o te n tia l fu n c tio n  was 
re w ritte n  in te rm s  of th e  in te rn a l c o o rd in a te s , and  the  / 'm a t r ix  
o b ta in ed  w as fac to red  using  th e  sam e sy m m e try  c o o rd in a te s  as 
‘em ployed  for th e  c o n s tru c tio n  of th e  sy m m c tr i/c d  G m a tr ix .15
I'ig . 1. — In te rn a l co o rd in a te s .
I11 th e  c a lc u la tio n , tlie  usual a ssu m p tio n  w as m ade th a t  linear 
te rm s  a re  —0.1 of th e  co rresp o n d in g  q u a d ra t ic  te rm s .15 Bond 
le n g th s  a re  no t av a ilab le  for these ions, an d  so d is tan ces  s.} = 1.22 A. a n d  /a = 1 .47 A . w ere assu m ed . I t w as found th a t sm all changes 
in  th e  b o n d  d is ta n ces  do  not g re a tly  affect th e  ca lcu la ted  fre­
quenc ies . T h e  force c o n s ta n ts  w ere refined  by th e  Icas t-squares  
m e th o d .17 T h e  c a lcu la ted  re s u lts  a re  given  in T a b les  V II a n d
T a h l e  V II
C a l c u l a t e d  a n d  O i is e r v k d  F r e q u e n c ie s  f o r  I n - P l a n e  ITERA ­
TIONS OF T1IE C jO j-2 lON
N um ber of
Species normal *'<»b«d- '■cnlc.t. Difference,
(D<U) .vibration cm c m ,-1 %
A m . v \ 1794 1*778 - 0 . 9
723 730 4-1 :0
B u Vs 1123 ’ . 1128 4 -0 .5
■ ■ v 6 294 299 4-1 .7
B,« 1593 1033 4 -2 .5
pjn 947 635 - 1 . 9
E u *'12 1539 1514 4-1 .0
1099 1070 — 1.8
I'M .350 3.54 4-1.1
V III  to g e th e r  w ith  th e  observed  frequenc ies. A greem ent betw een  
ob served  a n d  c a lc u la te d  re su lts  is v e ry  g o o d . M axim um  d ev ia ­
tion  of th e  ca lcu la ted  from the  observed  frequencies is less th a n  
3(4  for C ,O i~2 and  abo u t 4 ( ,  for C..O. "7. 'The force c o n s ta n ts  
used  in tl ie  c a lcu la tio n s  a re  listed in T a b le  X .
D is c u s s io n
S tr u c tu r e s  o f th e  C 40 r  ’ a n d  C ;, b ,~ -  I o n s .— S o m e  
p o ssib le  s tr u c tu r e s  for C iO i - 2  are sh ow n  in F ig . 2. 
In m o d el I o n e  o f th e  C -C  b o n d s  is shorter th a n  th e  
oth ers , a n d  tw o  o f  th e  C - 0  b o n d s  are sh o rter  th an  th e  
o th er  tw o . T h is  m od el b e lo n g s  to  p o in t g ro u p  C ;v if all
(15) J . Ji. Scherer mid J. OvcrcinI, Sf 't ’firt tchini . .ItM , 17, 710 (1001).
(10) V. M onti” . K. Kuchitmi, and T. Sliiinanonclii. J .  Chetn. Phys.* 20, 
72G (1052),
(17) I) . K. M a n n , I,. J I I , M ea l, a n d  T . . S h itn a im u c h i. 27 , 51
(1057).
T a h l e  Y I I I
C a l c u l a t e d  a n d  O h s e r v k d  F r e q u e n c ie s  f o r  I n - P l a n e  V i u r a - 
t io n s  o f  r im  C s O i-5  I o n
Species
N um ber of 
norma! •Vnlcl. Diflerencc,
(I>ih) vibration c m .-1 c m ."1 %
A i' FI ' J 71S 1652 - 3 . 8
v-i 637 655 4 -2 .8
H i' Fo 1570 1605 4 -2 .2
n 1 1 0 0 10S7 - 1 . 2
f; 374 372 - 0 . 5
E , ' F, 1591 1584 - 0 . 4
FlO 1243 1223 - 1 . 6
Fa 555 55S 4 -0 .5
Fi; 357
th e  a to m s  are in  th e  sa m e  p la n e . In  m o d e ls  T I - V ,  a ll 
o f th e  C - C  b o n d s  an d  all o f th e  C - 0  b o n d s  are a ssu m ed  
to  b e  e q u iv a le n t;  a to m s  ly in g  a b o v e  or  b e lo w  th e  p la n e  
a r e  in d ic a te d  b y  p lu s  an d  m in u s  s ig n s . T h e  s y m m e tr i­
ca l p la n a r  m o d el V , o f p o in t  g ro u p  D 4h, h a s  th e  h ig h e s t
Fig . 2.-— P ossib le s tru c tu re s  of C tC b'
V
Rm-
s y m m e tr y  o f a ll th e  m o d els  sh o w n . T h e  n u m b e r s  o f  
p o la r ized  R a m a n  a c t iv e  fu n d a m e n ta ls ,  th e  to ta l  n u m b er  
o f in frared  a c t iv e  a n d  R a m a n  a c t iv e  fu n d a m e n ta ls ,  a n d  
th e . n u m b er’ o f in fr a r e d -R a m a n  c o in c id e n c e s  w ere  p re­
d ic te d  from  th e  se le c tio n  ru le s  for  e a c h  o f  th e  m o d e ls .  
T h e se  p r e d ic t io n s  are g iv e n  in T a b le  I X .
E ig h t  lin es  are o b se r v e d  in th e  R a m a n  sp e c tr u m  o f  
C 40 r 2 (T a b le  I ) ,  o f w h ich  tw o  are p o la r ized . T h e  v e r y  
w ea k  lin e  a t  1 2 2 0  c m . - 1  is  m o s t  l ik e ly  d u e  to  an  o v e r to n e  
or c o m b in a t io n , g iv in g  sev e n  a s  th e  p r o b a b le  n u m b e r  o f  
R a m a n  a c t iv e  fu n d a m e n ta ls . S im ila r ly , th e  tw o  w ea k  
b a n d s  in  th e  in frared  sp e c tru m  are  b e s t  in te r p r e te d  a s  
co m b in a tio n  or o v e r to n e  b a n d s, le a v in g  fo u r  in frared  
a c t iv e  fu n d a m e n ta ls . T h e re  is  n o  v ib r a t io n a l fr e q u e n c y  
w h ich  a p p e a r s -b o th  .in  th e  in frared  a n d  th e  R a m a n  
s p ec tru m . T h e  r esu lts  arc  s u m m a r iz e d  in  T a b le  I X .
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C om parison  w ith  p r e d ic t io n s  for  th e  v a r io u s  m o d e ls  
sh ow s th a t m o d el V  g iv e s  a r ea so n a b le  fit  w ith  th e  e x ­
perim ental d a ta  w h ile  all o th er  m o d e ls  are ex c lu d e d . 
O ther h ig h ly  u u sy m m ctr ica l m o d e ls  for  CiO-i- 2  co u ld  
have been a ssu m ed , b u t th e se  w o u ld  g iv e  an  e v e n  larger  
num ber o f  freciueucies th a n  th e  m o d e ls  a ssu m ed  here, 
and so are a lso  ex c lu d ed . I t  can  th ere fo re  b e  co n c lu d e d  
th at C ^ - i - 2  h as th e  s y m m e tr ic a l p la n a r  s tr u c tu r e  o f  
the D 4 i ,  p o in t grou p .
T a b l e  I X '
C o m p a r is o n  o f  P r e d ic t e d  a n d  O b s e r v e d  B a n d s  f o r  C rC g -2
AND C s O i" 2
C U O . C 1O5 CsOs- 2, 
C<Oi~*, p redicted obsd. pred. obsd.
Model
Symmetry
I
Csv
II
C.v
t i l
I>m
IV
C .h
V
P*h D»h
Polarized R am an 
fundam entals 7 3 4 5 . 2 2 2 2
Total Raman 
fundam entals 18 13 13 9 7 7 7 5
Total infrared
fundam entals 15 - 7 9 4. 4 4 3 or 4
Ram an-infrared
coincidences 15 ' 7 7 0 0 0 0 0
T he s y m m e tr ic a l p la n a r  m o d e l fo r  C s 0 5 ~ 2 b e lo n g s  to  
point group  D 5h- I t  is  in te r e s t in g  th a t  th e  p r e d ic te d  
num bers o f b a n d s  for  th is  m o d e l are th e  sa m e  a s  fo r  th e  
sym m etrical C 4O 4 - 3 ion  (T a b le  I X ) .  In  fa c t , a n y  ion  
CnO„“ '" w ith  s y m m e tr ic a l p la n a r  s tr u c tu r e  sh o u ld  h a v e  
seven R am an  a c t iv e  fu n d a m e n ta ls  o f w jiich  tw o  sh o u ld  b e  
polarized, fo u r  in frared  a c t iv e  fu n d a m e n ta ls , a n d  n o  c o in ­
cidences. I f  b o th  C 4O 4 2 a n d  CjCh - 2  h a v e  s y m m e tr ic a l  
planar s tr u c tu r e s  th e ir -sp ectra  sh o u ld  b e  c lo se ly  s im ila r , 
and com p arison  o f  d a ta  in  T a b le s  I an d  II  s h o w s  th a t  th is  
is in d eed  th e  c a se . M o reo v er , r ea s o n a b ly  g o o d  a g r e e m e n t  
of the p r e d ic tio n  b a sed  011 Dm, s y m m e tr y  w ith  th e  o b ­
served n u m b ers  o f b a n d s  (T a b le  I X )  fu r th er  in d ic a te s  
that C s 0 5- 2  a ls o  h a s  th e  s y m m e tr ic a l p la n a r  s tr u c tu r e .
F orce C o n s ta n ts  an d  B o n d in g .— U r e y - B r a d le y  fo rce  
co n sta n ts  fo r  th e s e  io n s  a n d  for so.v.e re la te d  sp e c ie s  are  
shown in  T a b le  X .  T h e  C O  s tr e tc h in g  force  c o n s ta n t ,  
Kco, o f C 4O 4- 2  is  c lo se  to  th e  v a lu e  e x p e c te d  for  a 's in g le  
C - 0  b on d  (5-G  m d y n e s /A . ) IS; K co in cre a se s  to  G.72 
m d y n e s /A . in  C 5O 5- 2 , in d ic a t in g  an  in c rea se  in  th e  C - 0  
bond order. H o w e v e r , th e  v a lu e  fo u n d  is  lo w er  th a n  
th at for A 'Co in  c a r b o x y la te  io n s . 11-19
T a b l e  X
U r e y - B r a d l e y  F o r c e  C o n s t a n t s  i n  j m iy n e s / A .
CrO<-’ CiOs C tO U OHsCO, -t1 CtH, C*H»-
K t0 5 .6 0 6 .7 2 7 .6 0 7 .2 0
K k 3 .9 5 3 .5 0 2 .1 0 '2 .4 6 5 .5 9 3.89.
F'O 0 .4 5 0 .3 8 0 .6 0 0 .5 0
Fco 3 .9 1 1 .5 2 0 .5 4 ° 0 .7 0
Foo - 0 . 0 9 - 0 .1 2 2 .7 6 3 .0 0
//« , 0 .1 4 0 .2 4 0 .2 8 ' 0 .1 5 '
/ / K0 1 .3 8 1 .4 6 0 .3 4 0 .3 0 7
D a ta  ref. 6 b 19 11 15 20
“ F o r  ca rb o n  a to m s in meta p o s itio n s . b T h is w ork . C 7/oco-
T h e  C - C  s tr e tc h in g  force c o n s ta n t  K cc d e c re a se s  from  
C4O4- 2  to  C 5O 5” 2, in d ic a t in g  th a t  th e  d o u b le  b o n d  c h a r ­
acter o f  th e  C - C  b o n d s d e c re a ses  w ith  in c re a se  o f  r in g  
size. T h e  o p p o s ite  tren d s in  K c<> a n d  K Cc w ith  r in g  s ize  
are in  a g r e e m e n t  w ith  m o lec u la r  o rb ita l c a lc u la t io n s , 3 
w hich p r e d ic t  in cre a sin g  C - 0  b on d  ord er  a n d  d e c re a s in g  
C -C  b on d  ord er  w ith  in c r e a sin g  r in g  s ize .
I t  is  o f  sp e c ia l in te r e s t  to  co m p a re  th e  C - C  fo rce  c o n ­
s ta n ts  w ith  th o se  for o th e r  a r o m a tic  s y s te m s . A s  
show n in  T a b le  X ,  K cc for  th e  o x o c a rb o n  a n io n s  is  lo w er  
than th a t  fo r  b e n z e n e , 14 b u t  is  d e c id e d ly  g r e a ter  th a n
(IS) M . M argottin-M nclou ,* /. phys.  r a d t u m , 21, 634 (I960); C. T an ak a , 
K. K urntani, and  S. M izushitna, Spec troch im.  Ac ta ,  9, 265 (1957).
(19) H . M ura tn  ntul K. Kaw ai, J .  Che m.  P h y s . t 25, 5S9 (1956).
th a t  for  a s in g le  C - C  b o n d . T h e  o b se rv e d  C - C  fo rce  
c o n s ta n ts  are a b o u t  eq u a l to  th a t  o b ta in e d  b y  a  s im p le  
v a le n c e  fo rce  Geld c a lc u la tio n  fo r  th e  a r o m a tic  c y c lo -  
p e n ta d ie n id e  ring in  fe r ro c e n e .21’ T h e se  r e s u lt s  su p p o r t  
ou r  v ie w  th a t  th ese  a n io n s  c o n s t itu te  a  n e w  a r o m a tic  
s e r ie s . 2-3
T h e  force  c o n s ta n ts  sh o w  o th e r  U n u s u a l  fe a tu re s .  
T h e  rep u ls io n  force c o n s ta n t  for  th e  tr a n sa n n u la r  ca rb o n  
a to m s  in  C 4 0 4~ 2 is  v e r y  large  (Fcc =? 3 .9 1 ) .  S u c h  a  
la rg e  rep u ls io n  c o n s ta n t  m a y  b e  r ea so n a b le  fo r  n o n -  
b o n d e d  a to m s  c o n s tr a in e d  to  s h o r t  in te r n u c le a r  d is ­
ta n c e s ,  p a r tic u la r ly  w h e n  th e y  b ear  p a r tia l n e g a t iv e  
c h a rg es . A s sh ow n  in T a b le  X , large  r ep u ls io n  c o n ­
s ta n ts  are a lso  fo u n d  for  th e  n o n b o n d e d  o x y g e n  a to m s  in  
c a r b o x y la te  a n io n s. F o r .C 5O.s~2, Fcc d r o p s  to  1 .52 , in ­
d ic a t in g  th a t  th e  n o n b o n d e d  rep u ls io n  d ro p s  o ff r a p id ly  
w ith  in c r e a sin g  r in g  s ize . T h e  r ep u ls io n  fo rce  c o n s ta n t  
fo r  n o n b o n d e d  o x y g en  a to m s  is  fo u n d  to  b e  n e g a t iv e  for  
b o th  C 40 4~ 2 an d  for  C.sOs~2. N e g a t iv e  v a lu e s  w ere  a ls o  
r ep o rted  b y  C a lifa n o  an d  C r a w fo rd 11 for th e  in te r a c t io n  
te r m s  b e tw e e n  tw o  a to m s  in  th e  para p o s it io n s  o f b e n z e n e  
a n d  5 -tr ia z in e . . A s  p r e v io u s ly  e x p la in e d  b y  th e s e  
w o rk ers , n e g a tiv e  te r m s  are n o t  u n re a so n a b le  if  w e  
a s su m e  fo r  th e  force  b e tw e e n  n o n b o n d e d  o x y g e n  a to m s  
a m o d e l su c h  as th e  L en n a r d -T o n e s .p o ten tia l, in  w h ic h  
th e  r e p u ls iv e  term  b e c o m e s  n e g lig ib le  a t  lo n g  d is ta n c e s  
w h ile  th e  a tt r a c t iv e  term  is  s t i l l  a p p re c ia b le .
C o m p a r in g  th e  v a lu e s  o f b e n d in g  fo rce  c o n s ta n ts  w ith  
th o se  o f  th e  rela ted  s u b s ta n c e s , 7 /Cco is  fo u n d  to  b e  
a b n o r m a lly  large. T h is  m a y  b e  d u e  t o  a  m is a s s ig n -  
m e n t  o f  th e  b en d in g  v ib r a tio n s , or  to  u n s u ita b ili ty  o f  
th e  b a s ic  U r e y -B r a d le y  fo r ce  fie ld  fo r  b e n d in g  v ib r a ­
t io n s  in  th e se  ions. In  ord er  to  c h e c k  th e  la t t e r  p o s s i­
b il ity ,  sev e r a l im p r o v e m e n ts  o f th e  U r e y - B r a d le y  fo rce  
fie ld  w e re  a tte m p te d . R e c e n t ly , O v e r e n d  a n d  W u 21 
s h o w e d  th a t  an a d d it io n a l fo rce  c o n s ta n t ,  th e  in tr a r 
m o le c u la r  ten s io n  c o n s ta n t  k, is  im p o r ta n t  t o  a c c o u n t  
for  th e  o b se rv e d  fr eq u en c ie s  o f d ib o ra n e , w h ic h  c o n ta in s  
a  fo u r-m e m b ered  rin g . T h is  fo rce  c o n s ta n t  m ig h t  b e  
im p o r ta n t  a lso  fo r  th e  o x o c a rb o n  io n s , e s p e c ia lly  for  
C 40 4~ 2. A n o th er  im p o r ta n t  c o n tr ib u t io n  to  th e  fo rce  
fie ld  m a y  b e  th e  e ffe c t  o f  r e s o n a n c e . 22 T h is  e f f e c t  
m a y  b e  ta k en  in to  c o n s id e ra t io n  b y  in c lu d in g  a d d it io n a l  
in ter a c tio n  term s for  th e  v a r io u s  p a ir s  o f  th e  b o n d s:  
H o w e v e r , c a lc u la tio n s  sh o w ed  th a t  in c lu s io n  o f th e s e  
in te r a c t io n  an d  in tra m o le cu la r  te n s io n  te r m s  d o e s  n o t  
g r e a t ly  c h a n g e  th e  b e n d in g  fo r ce  c o n s ta n ts  H0co a n d
7/ccO-
R e c e n t ly , S h im a n o u ch i23 in tro d u c ed  th e  id e a  o f  b o n d  
f le x ib il ity  in  h is  w ork  on  th e  n o rm a l c o o r d in a te  tr e a t ­
m e n t  o f  e th y le n e . I t  m ig h t b e  im p o r t a n t  to  in c lu d e  
b o n d  f le x ib ility  in  th e  p o te n t ia ls  o f  C iC h - 2  a n d  C sO s - 2  
io n s , in  w h ic h  th e  C - C  b o n d s  m a y  b e  r e g a rd ed  a s  b e n t  
b o n d s. A cco rd in g  to  th e  m e th o d  p r o p o s e d  b y  S h im a n ­
o u c h i , 23 w e  a ssu m ed  fou r  w e ig h t le s s  a to m s  a t  th e  m id ­
p o in ts  o f  th e  C -C  b o n d s  o f  C 4 0 4 ~ 2. T h e - f le x ib i l i ty  o f  
th e  C - C  b on d  is  ex p ressed  b y  m e a n s  o f  b e n d in g  fo r ce  
c o n s ta n t  fo r  th e  a n g le s  m a d e  b y  th e  a s su m e d  w e ig h t le s s  
a to m s . T h e  in c lu sio n  o f  b o n d  f le x ib i l i ty  s l ig h t ly  im ­
p r o v e d  th e  v a lu e s  o f  th e  b e n d in g  fo r c e  c o n s ta n ts ,  r a is in g  
Hoco to  0 . 2  a n d  lo w e r in g  77cco to  1 . 1 , b u t  th e  v a lu e s  are  
s t i l l  u n u su a l . 24
(20) K. R . I.ipp incott and R . D. Nelson, Sp ec troc hi m .  Ac ta ,  10, 307 
(1958).
(21) P riv a te  com m unication from  Drs. O verend and  W u of th e  U niv ers ity  
of M innesota.
(22) J . R. Scherer and J. O vcrend, S p c d r o c h i t n .  A d a , 17, 719 (1961).
(23) T . Shim anouchi, J .  C he m.  P /iyj.,-26, 594 (1957).
(24) N o t k  Ai>unn i n  P r o o f . — A recent com m unication  on th e  c ry sta l 
s tru c tu re  of diam rnonium  croconate (N . C. Uacnziger, J . J. H cgenbarth , 
and  D. G. -Williams, S .  A m .  Chem. Soc. , 85, 1539 (1963)) shows th a t  the.cro- 
conate  ion is sym tuctiical and  p lanar in th is  sa lt, w ith  bond d istances 1.45 
(C -C ) and  1.25 (C-O ) A;, q u ite  close to those used in our norm al coord in ­
a te  t rea tm en t.
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Abstract
Single crystals of potassium hydrogen squarate monohydrate have been prepared, 
and the unit cell, space group and crystal optics determined: a = 8-641(1), 
b = 10-909(1), c = 6*563(2)A, jS = 99-807(5)°, Z = 4, P2t/c, «« = 1*411(1), 
n„ = 1*674(1), «v = 1*793(2), 2V(~) = 59*1(8)°, nv \\ t ,n p: a = 2*3(2)° in obtuse j3. 
Infrared and oriented Raman spectra have been obtained, and compared with the 
spectra of both the acid and the [C40 4]2- ion. The squarate ring is itself very nearly 
orthorhombic, with symmetry axes parallel to the C—C bonds. The rings lie 
approximately in (001), with the C—C bonds aligned with a and b.
Introduction
l,2-dihydroxy-3,4-diketocyclobut-l,2-ene, H2C40 4, (I) was prepared first by Park, 
Lacher & Cohen (1959,1962). It behaves as a strong dibasic acid and was named 
squaric acid.
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Both the neutral acid (Shirley Sc Thackeray, 1972) and the squarate anion (III) 
(Macintyre & Werkema, 1964) have been found to be planar by X-ray structure 
analysis. The structure of the acid squarate anion (II) has not been reported,
C opyright ©  1972 Plenum  Publishing C om pany Lim ited. N o  p a rt o f  this publication m ay be reproduced, 
s to red  in  a  retrieval system, o r  transm itted , in  any form  o r by any m eans, electronic, m echanical, p h o to ­
copying, microfilm ing, recording o r otherwise, w ithout w ritten perm ission o f  Plenum  Publishing C om pany 
Lim ited.
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Optical data
Refractive indices and related data were measured in sodium D light using a Swift 
polarizing microscope at ca. 20°C, in preparation for the oriented Raman study 
and to obtain some information on the orientation of the squarate ring.
The more accessible refractive indices were measured by immersion in standard 
liquids at intervals of 0-005 using a Becke line test. The liquids were calibrated in 
sodium D  light at 20-0°C with a Bellingham and Stanley Abbe refractometer. 
In (100), n\\c = 1-415(1); in (001), n\\a= 1-673(1). These indices are close to n a 
and rip respectively. Both sections also exhibit n y, which is rather high for direct 
measurement.
Using a Baker x40 metallurgical objective (n.a. = 0-90), the acute bisectrix 
conoscopic figure in (001) was observed, giving the optic angle in air as 2E(—) = 
111-3(2-1)°. This was obtained by Tobi’s method (Bloss, 1966), correcting for the
( n o )
(100)(001)
(IT 0 )
(nor
( 100)
(ooil
llTOV
(i ro)
noc
(T I0 )
F ig . 1. M o rp h o lo g y  an d  o p tics  in  (1 0 0 ), (0 1 0 ) an d  (0 0 1 ) resp ective ly . (T h e  
eccen tr ic ity  o f  th e  in d ica tr ix  h as b een  exaggera ted  x 3  fo r  c lar ity .)
apparent inclination in air of B xa (El-Hinnawi, 1966). The birefringence j9(ooi) = 
n y — n\\a = 0-120(1) was also measured from the figure, and was used in preference 
to 2E  for the calculation of n y.
The extinction angle in the plane (010) was measured on a crystal mounted up c 
and rotated on a spindle stage to give a view down b. From the above observations, 
a complete set of optical data was calculated (see also fig. 1):
n x = 1-411(1); np = 1-674(1); n y = 1-793(2); 
n y\\b; np'.a = 2-3(2)° in obtuse jS;
2 V(—)obs = 59-1(8), 2 V (—)calc = 59-1(5)°.
These results suggest that the squarate rings lie approximately parallel to (001).
Infrared spectroscopy
Spectra were obtained of Nujol and hexachlorobutadiene mulls using a Perkin 
Elmer 457 spectrometer. Relatively few bands were found (contrast the Raman
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spectra, tables 1 and 2), but the frequencies bore some similarity to those found in 
the acid by Baglin & Rose (1970), and repeated by us, and in the ion (dipotassium 
salt) by Ito & West (1963). There is no complete band-for-band identity to suggest 
a superposition of ion and acid spectra. Some common features between the three
25
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(CM1)
400800 600
F ig . 2 . In frared  sp ectru m  o f  K H C 4 0 4  • H 20  in  N u jo l m u ll, sh o w in g  th e  
tw o  “ w in d o w s” .
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spectra could arise in a structure involving both hydrogen bonding by the proton 
of the singly charged anion, and the H20  bonding characteristic of the dipotassium 
salt (Macintyre & Werkema, 1964). Two broad but well defined absorption bands 
appear at 3384 and 3535 cm-1 arising from different OH stretch environments. 
The spectrum has a phenomenally broad (400-1800 cm-1) absorption band at 
lower frequencies, as appears also in the acid, and this is remarkable for having 
superimposed on it two sharp transmission windows at 629 and 833 cm-1 (fig. 2). 
These bands appear in absorption at slightly different frequencies in the acid. 
Windows have been reported in various infrared spectra, but most relevantly in, 
for example, sodium and potassium sesquicarbonate dihydrates (Novak et al., 
1963,1967), since these are hydrated acid salts with the bonding suggested above 
(Brown et al., 1949). Window profiles have been investigated theoretically in this 
department by Stratford (1970), on the basis of the Fermi resonance explanation 
proposed by Evans (1960). Bailey (1971) has observed analogous windows in the 
infrared spectrum of rubidium hydrogen croconate. We therefore infer the presence 
of infrared active fundamentals at 629 and 833 cm-1.
T a b le  1. Raman and infrared bands in the spectra o f KHC^OA H20  (6 0 0 -2 0 0 0  cm -1 ).
The polarization directions o f laser and analyser are given in that order, y  and 
z  corresponding to those directions in the crystal and x orthogonal to them. The 
illumination travels along z and the spectrometer observes along x, for all but 
the three vvw bands {see fig. 3).
C 4 0 | -  io n  (Z>4ft I to  &  W est) In frared  R a m a n
629 (w in d o w )
662  Eg v w  v u
647  B2g s vjo
629 yz  15
64 7  xy  56
705  vw
723 A ig s  v2 7 1 6  yy  67
793 y z  2
833 (w in d o w )
1090  Eu s
1123 Big v s  v5
1068 yy  18
1167 yy  71
1255 zz  v v w
1292  zz  v v w
1482 m w
1579 yy  9
1588 zz  v v w
1650  xy 6
1687  xy  21
1794 A ig w 1812  yy  5
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Table 2. Raman and infrared bands in the spectra o f KHC^Oa.' H20 . (Below 400 cm-1.)
v, cm-1 Pol. Int.
20 yy vvs
20 ' xz . >1000
39 yy 283
42 xz 138
42 xy 19
44 yz 80
65 xz 175
65 yy 8
67 xy 10
67 yz sh
84 xz 125-
84 xy 10
88 yz . 175
88 yy ’ / ■ vw-
100 xy /' 15100 ~ yz  . ' sh150 yz 14
183 Infrared
204 yy 10
236 Infrared
239 xz: 2
266 yz 6
302 yy 45
332 xy 4
350 yy v. broad
Symmetry under C2h
Ba
B n A n
Ba
(Ito & West assign v4 to 259 cm-1)
(Ito & West assign v6 to 294 cm-1) 
(Symmetry correct for torsional mode v3)
Raman spectroscopy
Crystals of sufficient size and optical quality were grown to permit orientated 
Raman spectroscopy. A Spex 1401 spectrometer was used, with focused 6328 A 
illumination from a Spectra-Physics 125 laser propagating along the length 
(c axis) of a crystal. It can he seen from the optical data that the indicatrix orienta­
tion is conveniently related to the crystal faces.
Well defined Raman spectra were obtained, with the principal bands above 
100 cm-1 showing almost complete mutual exclusion between spectra of four 
different polarizations. This clear-cut division of the Raman spectra into four 
vibrational species implies that the C40 4 unit must be very nearly orthorhombic, 
with symmetry axes very close to the experimental x ,y ,z  (fig. 3). It cannot of 
course be exactly so, since none of the orthorhombic point groups is a sitegroup 
under P lifc .
Only two of the Raman bands have counterparts at substantially identical 
frequencies in the infrared spectra. Complete mutual exclusion here would be 
strong evidence for centrosymmetricity of the C40 4 unit, in which case the point
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group D2h(mmm) would fit the data. As it stands, however, D2(222) or C2v(m m l) 
cannot be excluded. The doubling of some of the bands observed suggests that 
more than one C40 4 unit may be involved in the normal modes. This would not be 
unreasonable if, in the unit cell, the C40 4 units are linked by hydrogen bonding. 
The centro symmetry of the contents of the unit cell would then have a strong 
influence on the spectra. The incomplete mutual exclusion between Raman and 
infrared spectra would then indicate that the C40 4 units were not individually 
centrosymmetric.
The vibrational modes active under D2h symmetry have been determined for the 
C40 4 unit, and some assignments (excepting e.g. v9) made that seem compatible
aser)
x  JL (1 0 0 )  
(spectro neter)
Fig. 3. Orthogonal experimental axes x, y, z.
(see tables 1 and 2 )  with the work of Ito & West on the C 40 ion. In addition to 
these, the band at 3 3 2  cm-1 has the correct polarization to be the torsional mode 
v3 inactive under D^h{A[mmm) symmetry.
If the z  axis of the unit is taken to be the out-of-plane axis (we offer no evidence 
for or against planarity) then there are two possible orientations of the x  and y  
symmetry axes. If the x  and y  axes are chosen to align with the C—O bond direc­
tions then (ignoring translations and librations of the unit)
I 1 =  4  A g +  3 B i g +  B 2g +  B 3g +  3 B i u +  3B2u +  3 B 3u.
If on the other hand the symmetry of the C 40 4 unit is such that its x  and y  axes 
lie at 4 5 °  to these directions (i.e. parallel to the C —C bond directions), then two 
of these B lu  modes (presumably v7 and v8, curiously omitted by Ito & West) 
become A u and therefore inactive, while two of the B lg  modes above (vs and v6) 
exchange symmetry with two of the A g modes (v9 and y10). Here the representations 
for the internal modes are
r  =  4  A g +  3 B ig  +  B 2g +  B 3g +  2  A u +  B lu  +  3 B 2u +  3 B 3u.
13
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In the ion Ito & West have assigned a very strong Raman band at 1123 cm-1 to 
a C—C stretch mode v5, (fig. 4) based on the depolarization of this band in the 
Raman spectrum of an aqueous solution and supported by their normal co­
ordinate analysis. In our Raman spectra there are only two bands at comparable 
frequencies, viz. 1068 and 1167 cm, both having polarization Iyy and substantial 
intensities. As the latter is the stronger by a factor of four times, it more closely 
resembles the ‘very strong’ band of Ito & West. Therefore in our spectra the v5 
vibration can reasonably be associated with the band at 1167 cm-1, for which the 
Iyy polarization indicates species A g under D2h symmetry. This species for v5 is to 
be found in the second set of representations discussed above, and not in the 
first set. Each C4 ring must therefore have its own symmetry x and y  axes parallel
Fig. 4. Form of symmetry modes vs and v10, referred to the axes finally 
chosen.
to the C—C bonds. Another important assignment is that of the in-plane ring 
deformation v1Q, which should provide a Raman scattering tensor component axy, 
(fig. 4) thereby associating the experimental polarization directions x and y  with 
the plane of the C4 ring. In the ion, Ito & West (1963) assigned the strong band at 
647 cm-1 to v10. In the acid, a strong band of the correct symmetry appears at 
636 cm-1 (Thackeray & Shirley, 1972). In the acid salt the strong band appears 
again, principally for polarization Ixy, at 647 cm-1. A weaker band at 629 cm-1 
in the acid salt, also appears weakly in the acid at the same frequency, but this is 
most probably the out-of-plane C—O bend, vlt of Ito & West. Hence, we suggest 
that the C4 rings lie approximately parallel to the (001) planes of the crystal. This 
is in agreement with the alignment of the optical indicatrix, and the perfect 
cleavage in (001).
The lattice vibrations below 100 cm-1 can be grouped into the two vibrational 
species anticipated for monoclinic symmetry. It has to be accepted in ionic struc­
tures that the observed frequencies may change slightly with polarization directions, 
owing to consequent changes in the propagation of the phonons in the lattice.
DESM3ND THACKERAY and ROBIN SHIRLEY
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However, whichever o f the two bands is  the correct choice (or indeed 
even i f  they are jo in tly  two .components of the same band s p lit  in the manner 
suggested above) the species w ill be Ag since the polarisation is  yy. This 
species, for is  to be found in the second set o f representations -
discussed above, and not in the f ir s t  se t. Each C4 ring must therefore have i t s  
own symmetry x and y axes parallel to the C - C bonds. I t  can be seen from 
Table I that the vibrational modes and v^', which should also change species 
for these two representations/can be assigned to frequencies c lose to those 
found by Ito and West, and with polarisations which f i t  our choice o f the 
second representation. Any alternative choice for would leave th is  . 
comparatively strong band at 302 cm  ^ unexplained, v^g is  discussed below.
In the case o f vq, Ito and West find a strong band at 1593 cm- ^. Oury ■ -1- strongest band in th is region is  at 1687 cm and has the appropriate
polarisation xy. Since in th is  region there are the alternative choices o f
1650 cm  ^ (xy) and 1579 cm  ^ (yy) which cannot ea sily  be disregarded, we
have omitted any assignment from the table. The lack here o f an unequivocal
assignment for one o f the inplane modes and the apparent sp lit t in g  o f  some
bands, makes i t  pointless to attempt a normal co-ordinate analysis on the
spectroscopic data, as Ito and West were able to do.
This paragraph replaces the sentences "This species for . . . .  f ir s t  s e t .  
Each C4 ring . . . .  the C - C  bonds", which frame Figure 4.
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